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INTRODUCTION 
The physical processes involved in tile drainage, which has been 
practiced for over 100 years, have never been well defined. This has 
been due to the complexity of the drainage process which involved an 
interaction between hydrology and the hydraulics of flow through porous 
media and closed conduit systems. Certain aspects of the sciences of 
hydrology and fluid mechanics have been known for more than a century, 
although applications of these sciences have been confined largely to 
recent decades. As these sciences continue to develop, tile drainage 
design, an area of application of the sciences, should become a less 
empirical procedure. 
The hydraulics of tile drainage systems may be divided into two 
parts: (1) flow through porous media, and (2) flow in conduits. Models, 
analogues, and mathematical solutions have been developed for various 
problems related to flow into tile. Field methods for the determination 
of the hydraulic conductivity of soil below the water table have been 
contrived. 
In contrast the study of flow within tile lines has received little 
attention. The chart for selection of tile size included in the American 
Society of Agricultural Engineer's "Tentative Recommendation for Design 
and Construction of Tile Drains in Humid Areas" is essentially that devel­
oped in 1920 by Yarnell and Woodward (40). Breather wells are installed 
in tile lines to aid the flow of water, yet a survey made in 1954 by Dr. 
G. 0. Schwab and K. D. Hohenberger indicated that contractors and engi­
neers were not sure of the purpose of the breather well. Thirty-five per 
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cent of the people polled indicated that the breather released air 
trapped in the line, 46 per cent reported the breather relieved a vacuum 
condition in the line, and 11 per cent stated that their installation 
was not justified. Relief wells are recommended to relieve pressure in 
tile lines. They are to be placed where a tile line might be overloaded. 
Under what circumstances a line might be overloaded is left largely to 
the judgment of the engineer. In some cases the condition may be defined 
easily, and in others it is not definable with present knowledge. 
Recently studies have been made in Europe and the United States 
about the hydraulics of tile systems. Energy losses at drain tile junc­
tions have been studied at the University of Minnesota. Alignment 
problems have received attention in several European countries. However, 
J. G. Sutton, drainage engineering specialist for the Soil Conservation 
Service, in an article entitled "Drainage Developments During the Past 
Fifty Years", stated the following: "Research work needs to be continued 
and expanded to determine hydraulic factors in connection with drain 
tile." 
Advances in hydrology and flow through porous media have progressed 
to the point where it may soon be possible to predict the probability of 
need of drainage. Point rainfall rates and amounts are quite well de­
fined. Evapotranspiration studies make possible reasonably good predic­
tions of moisture use by plants. The rate soil will drain, which 
involves such factors as hydraulic conductivity and boundary geometry, 
has received considerable attention. Thus a fundamental understanding of 
the nature of flow in tile lines is requisite if the design of tile lines 
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and appurtenances is to keep pace with these advances. 
The potential savings in installation of tile drainage systems with 
better design criteria or in reduction of the damage because of poor 
drainage is considerable. According to the 1950 census, a total of 102.7 
million acres in the United States had been drained in enterprises of 500 
acres or more in size. Over 16 per cent of the land area in Iowa is in 
drainage enterprises. According to a report by Sutton et al. (38) about 
50 million acres of land in the United States are in need of better drain­
age. Many drains installed 50 years ago need repair or replacement. The 
total cost of this work will involve billions of dollars. Any information 
which would result in a more efficient, reliable design would be of con­
siderable value to agriculture. 
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THE PROBLEM 
The problem considered in this study is related to flow of water 
within tile lines under full-flow conditions, and is divided into two 
sections: (1) a section on the effect of misalignment on the capacity 
of tile lines, and (2) a section on the nature of flow in main tile lines 
in the field. The general objective of the first section was to deter­
mine the resistance to flow of water in tile lines having defined mis­
alignment. The general objective of the second section was to determine 
the nature of the pressure distribution in field installations. 
Effect of misalignment has received little attention from drainage 
contractors and engineers since often it is difficult to align tile well 
if the trench bottom is irregular or is unstable at construction time. 
Whether more care should be taken to align tile when they are laid depends 
largely on the degree to which misalignment affects the capacity of the 
tile. 
Tile design criteria indicated a range of n for Manning's formula 
(V = 1.486/n R'^^ S^/2) from 0.011 to 0.017 for good to poor conditions 
according to some references. The present widely used design chart (40) 
infers a value of n of about 0.011. Another design criteria (17) stipu­
lates an n value of 0.012 to 0.014. Since capacity varies inversely with 
n, the latter range represents a maximum variation of 27 per cent from 
the present design constant and thus a corresponding decrease in design 
capacity. The quantitative effect of misalignment on capacity seldom is 
discussed in the literature. No records of actual measurements of mis­
alignment of tile in the field have been reported in literature reviewed. 
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In the design of main tile lines, each section of line with a given 
grade is treated as a separate entity, independent of the grade in other 
sections of the line. Likewise, it is assumed that the slope of the 
hydraulic gradient is equal to the grade of the tile line. However, 
lines have been observed to flow under pressure by engineers in the field. 
Open inlets in large systems which have been installed to drain water 
away are known to eject water after rains when the soil is saturated. 
Relief wells are installed to prevent "blowouts"; breathers are suggested 
to avoid trapped air or vacuums in lines. 
The actual pressure distribution in full-flowing tile is difficult 
to define theoretically. The wall resistance, position of the water 
table, soil permeability, and grades of lines affect the pressure along 
the line. The flow is likely nonuniform but almost steady, the velocity 
at any section changing slowly with time. The literature is nearly void 
of data on flow conditions in tile lines in the field. Several studies 
have suggested that lines flow under pressure at times of greatest need, 
since discharges much greater than design discharges have been reported. 
No reports of measurements of pressure distributions in field installa­
tions have been recorded in the literature reviewed. 
This study is an attempt to extend the knowledge of the hydraulics 
of tile lines with specific emphasis on the relation of misalignment to 
capacity of tile flowing full, and observation of flow conditions in 
single lines installed in the field. 
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REVIEW OF LITERATURE 
At an early stage of the development of mechanics, man perceived 
that the amount of water flowing in a stream was a function of the size 
of the stream. Only relatively recently the parameter which defines the 
amount, the discharge, was conceived. 
Excavations in the Indus Valley indicated that ceramic pipe and 
brick conduits were used 3,000 years before Christ (33, p. 4). Traces 
of tunnels through rock and pressure tunnels across valleys have been 
found in Syria and Cyprus. The Bible speaks of a conduit to Jerusalem 
from the pool of Solomon. This conduit, built about 1,000 years B.C., 
crosses the valley of Hinnom on arches and is still complete. The Roman, 
Frontinus (33, p. 28), associated area of conduit with discharge and 
spoke of the resistance of a conduit in relation to its length. It was 
not until after the Renaissance in Europe that the understanding of the 
mechanics of flow in pipes made any considerable advance. 
Development of Pipe Flow Formulas 
The development of formulas for uniform and steady flow of fluids in 
pipes has taken place over a two-hundred-year period. Studies concerning 
certain facets of the problem continue today. The following review of 
literature does not include all names associated with the mechanics of 
pipe flow. However, an attempt has been made to include those who con­
tributed notable works in that field. 
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Chezy 
Chezy (14) in about 1768 was probably the first to incorporate into 
a formula the idea that the friction forces in uniform flow were equal 
to the gravitational forces. Although his studies originally were made 
for open channels, the Chezy formula has been used for flow in pipes. 
Chezy assumed the resistance to flow varied as the square of velocity 
and as the part of the perimeter of the flow section touching the bounda­
ries. He also stated that the effect of gravity varied as the area of 
the flow section and as the slope of the channel. His original expres­
sion was set up to compare streams with similar characteristics and did 
not contain the usual coefficient. Thus knowing the velocity and 
geometry of one stream, he suggested the following formula for the 
velocity of another similar stream: 
WP _ wp 
AH ah 
where V and v, P and p, A and a, and H and h were the velocity, wetted 
perimeter, flow-section area, and slope of the channel, respectively, for 
similar streams. Today the formula is written: 
V = C VR'S 
where V is the velocity, R1 is the hydraulic radius (flow section area 
divided by the wetter perimeter), S is the hydraulic gradient, and C is 
the dimensional coefficient. 
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DuBuat 
DuBuat (8) in 1786 reported results of some experiments intended to 
provide information on the balance of forces of acceleration and boundary 
resistance in uniform flow. His work was completed independently of 
Chezy and resulted in the following formula: 
V = 48.85 VP" - 0.80 _ o.05 -Vr7 
VL/S - In "J (L/S) + 1.6 
where L is the length of pipe in question. The cumbersome formula re­
sulted because his experiments indicated that the resistance varied as 
less than the second power of velocity. 
Eytelwein and Prony 
According to Lindquist (20, p. 6) and Leliavsky (19, p. 353), 
Eytelwein published several flow formulas between 1800 and 1820. One of 
his flow formulas was essentially the Chezy formula with the constant 
given for metric units. 
V = 50.9 n/PS 
A later formula suggested that the resistance to flow might be propor­
tional to a sum involving the first and second power of velocity. 
SR' = 0.000024V + 0.000366V2 
Prony (28) in 1804 commented on the simplicity of the Chezy formula and 
suggested the use of a constant coefficient. His formula developed for 
velocity of flow was, however, very similar to that of Eytelwein. 
SR* = 0.000044V + 0.000309V2 
Hagen 
About 1854 Hagen (13) published an article in which he showed that 
the transition of flow from the laminar to the turbulent state depended 
on viscosity as well as velocity. In a later paper he observed that the 
transition from turbulent flow to laminar flow depended on the tube radi­
us, velocity, and water temperature. Thus, although he did not develop 
a parameter involving viscosity, he recognized the factors which later 
were incorporated into the common viscosity parameter, Reynolds number. 
Weisbach 
From 1846 to 1863 Weisbach (39) published a series of editions of a 
comprehensive work in mechanics. A large part of the text was devoted to 
hydraulics. He wrote the familiar equation for the resistance to flow in 
pipes. 
where h = loss in head, f = the friction factor, D = pipe diameter, and 
g = acceleration of gravity. Since his friction factor was dimensionless, 
it applied in any system of units. He proposed the following equation 
for the friction factor: 
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where a and b are constants. He also recognized that the friction factor 
varied with the diameter of pipe and with different pipe materials. 
Darcy and Bazin 
One of the earlier formulas, conceived about 1857, which is found in 
current reference books (17, p. 721) is that named after Bazin. Darcy 
and Bazin (5, 6), teacher and student, completed excellent early research 
on flow in pipes and open channels. They worked with pipes with 
diameters varying from 1/2 inch to 18 inches made of different materials 
and with various degrees of wall roughness. Their formula for smooth 
pipe was of the type 
DS = (a + b/D2)V + (b + c/D)V2 
where a, b, and c are constants for various physical conditions of the 
pipe. The term, (a + b/D2)V, was omitted from the equation when working 
with rough pipes. Their formula for open-channel flow was essentially 
the same as that for rough pipes. Thus, they supported with considerable 
data the fact that the friction factor is a function of velocity, 
diameter and wall roughness. 
Ganguillet and Kutter 
The Kutter formula, which is used in open-channel work today, was 
proposed in 1869 (18). While the formula was developed originally for 
open-channel applications, it has been used for pipe flow. The formula 
was in the form of the Chezy formula with the following coefficient: 
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c _ a + b/n' + c/S 
1 + (a + c/S) n'/R' 
where a, b, and c are constants and n1 is a roughness factor. The 
constant, C, is thus a function of slope, diameter, and wall roughness. 
Gauckler and Manning 
According to Leliavsky (19) the most commonly used open-channel flow 
formula, the Manning formula, was proposed by Gauckler in 1869. It was 
designed initially for slopes of less than 0.0007. The equation is writ­
ten generally as 
V , -JuASJL r,2/3 gl/2 _ 
n 
If the Chezy coefficient, C, is extracted from the formula, the result is 
c = -M86_ r#1/6 . 
n 
The factor is dimensional, and a function of pipe diameter and a rough­
ness coefficient, n. Manning introduced the formula bearing his name in 
1889. 
Reynolds 
Although others such as Hagen had demonstrated the effects of pipe 
diameter, velocity, and temperature of the fluid on the nature of flow; 
Reynolds (30) was the first to develop the parameter which bears his 
name. He was interested in the parameter as a measure of eddy develop­
ment primarily and did not relate it to a resistance factor. Using 
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Darcy's data, he showed that resistance to flow varied from the 1.79th 
to the 2.0nd power of velocity. The parameter is written as pVD/u where 
p is the fluid density, and n is the dynamic viscosity. 
Present day fluid mechanics 
The 20th Century marked the beginning of present-day fluid mechanics. 
Several men such as Reynolds and Weisbach had begun to explain the 
nature of flow on a physical basis, but Prandtl was probably the first 
to make a major contribution to modern fluid mechanics. Several concepts 
related to flow in pipe have been developed since the publication of the 
empirical flow formulas of Kutter and Manning. Some of these are the 
theory of the boundary layer, the relationship of the friction factor to 
the Reynolds number, the relative effects of wall roughness, and the 
recent attempts to define wall roughness quantitatively. 
Prandtl (27) in 1904 was the first to present the idea of dividing 
the flow into two interdependent parts, the boundary layer and the flow 
beyond the boundary layer. Blasius (3) in 1912 presented the first plot 
relating the Reynolds number to the friction factor. This idea was ex­
tended by Stanton and Panne11 (37) in 1914. Nikuradse (26) in 1933 
showed in studies with pipe artificially roughened with uniform sand that 
the friction factor in the zone of complete turbulence was a function of 
relative roughness only. 
More recent investigations have attempted to define the relationship 
of the friction factor and quantitatively described pipe wall conditions. 
Colebrook and White (4) conducted experiments with pipe roughened 
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artificially. They used uniform sand grains of two sizes and covered 
the wall area of the pipe to varying degrees in different tests. Their 
results differed somewhat from Nikuradse's, primarily in the transition 
zone from laminar to turbulent flow. Later studies with rough pipes 
have shown that the friction factor is not always constant at high 
Reynolds numbers. Three basic types of flow in rough pipes, namely, 
isolated-roughness flow, wake-interference flow, and skimming flow were 
suggested by Morris (23). He stated that the longitudinal spacing of 
the roughness elements was the governing characteristic. Ambrose (2) in 
1955 reported a study of boundary roughness and velocity distribution in 
pipes. The study involved roughness elements of defined length, 
diameter, and relative spacing. All three forms of flow reported by 
Morris were observed by Ambrose. The resulting friction plot of the 
friction factor as a function of the Reynolds number revealed character­
istic trends for each form of roughness element. 
Flow Formulas Applied to Tile 
During the last 50 years several efforts have been made to determine 
the resistance to flow in tile lines. All of the formulas proposed are 
of the form of the Chezy or Manning flow formulas. Where efforts were 
made to describe alignment, the definition was qualitative and usually 
expressed as excellent, good, or poor. 
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Studies of Rightmire and Chappel 
Rightmire and Chappel (31) reported in 1909 the first studies found 
in the literature in which observations of resistance to flow in tile 
were made. These investigators made observations in the field with 
cement and clay tile lines which were flowing partially full. The size 
of the tile varied from 10-inch diameter to 32-inch diameter. The co­
efficient of roughness for Kutter1s formula was calculated for one rate 
of discharge in four sections of a given line. The four individual 
values of the coefficient for a given line varied considerably. For in­
stance the readings from an 18-inch tile flowing about 1/3 full varied 
from 0.0086 to 0.0157. The average values of the coefficient for the 
different sizes of tile varied from 0.0115 to 0.0168. The investigators 
noted that the length of tile may have been a factor affecting flow 
resistance since all tile over 12 inches in diameter were 2 feet long. 
Studies reported by Yarnell and Woodward 
The tile design chart used in the humid regions of the United States 
today was derived from data reported by Yarnell and Woodward (40) in 
1920. The tests were completed in 1916 and 1917 on clay and concrete 
tile varying in inside diameter from 4 inches to 12 inches. The tile 
were laid in tamped soil supported in a wooden flume 570 feet long. The 
slope of the flume was adjustable to any grade up to 1.5 per cent. Water 
was circulated hrough the tile at varying depths of flow from 1/4 the 
diameter to full flow. The 10-inch and 12-inch diameter tile were not 
tested at full flow at slopes of 1.5 per cent because of lack of capacity 
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of the pumping equipment. A chart was developed which predicted 
capacities of tile up to 48 inches in diameter and 3 per cent in slope. 
The formula adapted and from which the chart was developed was of the 
form of the Manning equation: 
V = 138 R'2^ 3 S1^ 2 
This study was the most detailed reported in the literature and involved 
824 separate tests. 
Experiments of A. Feilberg and C. L. Feilberg 
Experiments conducted in Copenhagen, Denmark were reported in 1928 
and 1938 by A. Feilberg and C. L. Feilberg (10, 11). The tests were con­
ducted with clay tile of 2-, 3-, and 4-inch diameters at slopes of 0.1 
per cent to 1 per cent. The object of the experiments was to observe 
the influence of irregularities in alignment on the capacity of the tile 
while flowing full. Four cases of irregularities were studied: 
1. Carefully-laid tile, 28 centimeters long. 
2. Carefully-laid tile except for 5 points in the 30-meter test 
section where three tile were displaced. The center tile was 
lifted 1.5 centimeters vertically and the adjacent tile rotated 
slightly about the points of contact so that angular misalign­
ment occurred but no edges protruded into the flow. 
3. Carefully-laid tile except for 5 points in the line at which 
one end of one tile was forced downward 1 centimeter. 
4. Carefully-laid tile except for 3 points at which one tile was 
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displaced downward 1.5 centimeters at both ends. 
The experimenters proposed that a form of the Manning formula best ex­
pressed their results. The coefficient, K*, varied from 92 for 2-inch 
diameter tile (a combination of case 3 and case 4) to 111 for carefully-
laid tile. The coefficient used in United States design is approximately 
equivalent to K1 = 110 at S = 0.1 per cent to K* = 100 at S = 1 per cent. 
Thus, the studies indicated that the capacity of tile flowing full 
could be reduced by about 17 per cent if "poorly laid." 
Studies by Kerwart 
Heyndrickx (15) described the work completed by G. Kerwart and re­
ported in an article entitled "Uber Geschwindigkeitsformeln fur 
Dranrohrleitungen Unterhalk 10 cm Lichtweite" dated 1935. Kerwart 
studied the capacities of tile with diameters of 4, 6.5, and 8 centi­
meters tested through a range of slopes from 0.2 per cent to 1 per cent. 
He proposed the following formula for the metric system: 
V = K»D°-7 S0-42 
where 0 is the diameter. His value of K" varied from 22.2 to 28.6 for 
the 4-centimeter to the 8-centimeter tile, respectively. Kerwart1 s 
observations were based on relatively few tests. 
Experiments by Ehrenberger 
In 1936 Ehrenberger (9) reported laboratory studies of tile flowing 
full at piezometric slopes up to 6 peç cent. Ehrenberger1 s work encom­
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passed a greater range of sizes and Reynolds numbers than any previous 
or later work in Europe. The sizes of clay tile included in the study 
were 5, 8, 10, 13, and 15 centimeters. The tile were placed in a wood 
rack and sealed at the joints with collars. A distinction was made be­
tween carefully-laid tile and badly-laid tile. For the case of the 
badly-laid tile, the longitudinal axis of every eighth tile was displaced 
1/2 centimeter. Ehrenberger developed an exponential type of formula to 
express the results of the study: 
V = K &0'58G0.54 _ 
He proposed values of K of 92 and 85 for well-laid tile and badly-laid 
tile. The equivalent K for the Yarnell-Woodward formula is K = 93 for 
metric units. Some of his results fell within the range of Reynolds 
number of applied tile design in the United States. 
Experiments by Adolfsson 
Adolfsson (1) recently reported experiments performed in Sweden with 
2-inch pipe. The test sections were 20 meters long; observations were 
obtained for 24 different velocities for each of 5 test sections. Tests 
were made with glass tubes 33 centimeters long, normally-laid tile, 
poorly-laid tile, ovally-distorted tile, and tile with rough inner sur­
faces. Pictures indicated the tile were about 11 inches long. All 
Reynolds numbers for the tests were below 5 x 10^. 
His results were presented as a graph on which a function of 
Weisbach's friction factor was plotted as a function of the Reynolds 
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number. No new formulas were proposed. The range of friction factor 
values for the badly-laid tile (every third tile displaced 1/2 centimeter 
as measured along the longitudinal axis) for a range of Reynolds numbers 
from 9 x 10^ to 5 x 10^ was about 0.042 to 0.032. The values of the 
friction factor for the rough-wall tile and the oval tile (the major 
axis averaged about 5 per cent longer than the diameter of the round 
tile) were slightly less than the badly-laid tile. 
Contributions of Heyndrickx and De Wit 
In 1954 Heyndrickx (15) presented an excellent review of research 
on tile drains. He presented the data of several authors on three dia­
grams in which V/N/DS was plotted as a function of the Reynolds number 
on semi-logarithmic paper. The three diagrams represented the best-laid 
tile, normally-laid tile, and poorly-laid tile. He stated that a 
general pipe formula cannot be developed, as has been done for industrial 
pipes where the influence of joints is not important, because of the dif­
ficulty of defining the nature of the roughness in tile. He proposed the 
following formula for use with drain tile: 
V = KI (0.29 - 0.9/0 VDS + 6.1) VOS 
where = 1 and 0.9 for normally-laid and badly-laid tile. 
In 1957 De Wit (7) presented a theoretical approach to the resistance 
to flow in tile due to misalignment. He treated each misalignment or 
difference in tile diameter as a case of contraction or expansion in a 
pipe. If this is assumed, results of past studies may be applied and 
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the losses may be expressed as a summation of individual resistances to 
flow at the tile walls and individual joints. The assumption inferred 
that the effect of each joint is independent of the following joints. 
De Wit also derived a parameter to correct the friction factor for losses 
due to tile displacement. He included in the publication a few data 
from a report by A. Franke entitled "Afvoer door drainageleidingen" which 
contained friction factors for clay tile 5 to 10 centimeters in diameter 
and 30.5 to 50.5 centimeters in length. The Weisbach friction factors 
published varied from 0.027 to 0.036 for Reynolds numbers less than 
3 x 104. 
Summary of studies 
In order to compare the results of studies of flow in tile, selected 
results of tests of several investigators are presented as Stanton diagrams 
in figures 1, 2, and 3. The figures qualitatively divide the results into 
excellent tile placement, normal tile placement, and poor tile placement, 
respectively. The results of the experiments of Ehrenberger and 
Adolfsson with very carefully-laid tile are shown in Figure 1. Figure 2 
presents results of the studies of Ehrenberger, Feilberg, and Yarnell 
and Woodward. This includes displacements of tile up to 1/2 centimeter. 
Experimental results of Feilberg, Kerwart and Adolfsson for lines with 
displacement of 1 centimeter and over are presented in Figure 3. The 
function for flow in smooth pipe was included in each case. The arbitrary 
separation of the data is essentially that proposed by Heyndrickx. 
Several observations may be made from the data. All test results 
Figure 1. Friction factors for excellent tile placement 
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fall in a relatively low range of Reynolds number. Only the data of 
Ehrenberger, and Yarnell and Woodward fell above R = 5 x 10^ . If a water 
temperature of 60° F is assumed, this corresponds to a slope of about 
0.4 per cent for a 4-inch tile as computed by the Yarnell and Woodward 
formula. Thus, most of the data are below the practical design range 
for Iowa conditions. All tile diameters reported in European tests were 
less than 4 inches with the exception of those used by Ehrenberger. The 
data presented indicate that poor alignment may increase the friction 
factor 50 per cent if excellent placement of tile is used as the basis. 
Flow Characteristics of Field Tile Lines 
The total of recorded data pertaining to flow of water within field 
tile lines is small with the exception of data on tile discharge. Re­
corded data have revealed drainage coefficients far above the design 
coefficient in test installations. This has been interpreted to -mean 
that friction coefficients, and assumptions concerning the hydraulic 
gradient are in error. Practically nothing has been recorded on pressure 
distribution and friction coefficients in field lines flowing full. 
Measurements of discharge 
Many measurements of tile discharge have been reported in Europe 
and the United States. Only selected references have been reviewed in 
this thesis in order to point out specific observations which are perti­
nent in the humid region of the United States. Many observations related 
to tile drainage in Iowa were reported by Schlick (34, 35) in 1918 and 
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1939. Discharge measurements were made in Cerro Gordo, Floyd, Boone, 
Clay, and Appanoose Counties by installing weirs at the tile outlets. 
In each case, discharges larger than the design discharge were recorded. 
Maximum discharges varied from 0.31 inches per 24 hours from intermit­
tent records over 11 years in Clay County to 1.16 inches per 24 hours 
from 2 years of records in Floyd County. Neal (25) reported discharge 
measurements made for a 4-year period on two tile systems in Minnesota. 
Maximum discharges of 0.55 to 1.60 inches per 24 hours were reported, 
both amounts being above design discharge. A recent study by Schwab et 
al. (36) supported Schlick's statement that increased footage on a tile 
system would increase the peak discharges expected. The study indicated 
discharges from an area with close tile lateral spacing may exceed 1.5 
inches per 24 hours in soils where tiling has not been advocated because 
of low permeability. Coins (12) also reported tile discharges in excess 
of 4 inches per 24 hours for short periods after heavy rains in fields 
where tile laterals were spaced 30 feet apart and 2 feet deep. The 
capacity of the main tile lines in terms of the drainage coefficient 
varied in the literature reported. In all cases the capacity of tile 
lines with free outlets was greater than the design assumptions indicated; 
if sufficient footage of lateral line was attached to a main line, the 
quantity of water contributed to the main exceeded the design rate. 
Measurements of pressure distribution 
In order to determine friction coefficients and hydraulic gradients, 
measurement of discharge and piezometric heads are needed. Marston (22) 
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reported observations made in 1909 where a 4-inch line 2000 feet long 
laid at 0.8 per cent slope flowed under pressure sufficient to raise the 
water table to the surface over the tile. He made the following state­
ment in relation to the observation (22, p. 68): 
A study of surrounding conditions made it perfectly 
apparent that in this case 4-inch drains were too small to 
carry off the amount of water draining into them--conditions, 
doubtless partly brought about by the inadequate size of 
the outlet, which was flooded at the same time. As a 
result of this, the tile in the lower part of their course, 
where the pipes for observation of the ground water were 
placed, operated to discharge water into the soil rather 
than take it away. We take it to indicate that the length 
of 2000 feet for 4-inch drains, even laid at the steep 
grade mentioned, is too great. I am inclined to recommend 
a maximum length for such drains not exceeding one-quarter 
of a mile. 
Ramser (29) reported a study made in 1920 of a 30-inch tile line 
flowing full and under pressure. Manholes were made in the straight line 
1000 feet apart. An 8-inch diameter hole was cut on the top of the tile 
at a joint to act as a piezometer. Measurements of the slopes of the 
piezometric gradient were made and the flow rate was determined with a 
current meter. The elevations of the abutting tile were measured at the 
joints and varied from 1/2 to 3/4 inch. The value of Manning's n for 
the case of flow under pressure was 0.0133, while the value of n for the 
line flowing almost full was 0.0126. The slope of the piezometric sur­
face was 0.0055 for the pressure flow. The tile grade was about 0.00097; 
the discharge for the case of flow under pressure was 41 per cent more 
than the case of full flow. 
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EFFECT OF MISALIGNMENT ON CAPACITY OF TILE FLOWING FULL 
This section of the problem has been devoted to the determination 
of resistance to flow in tile lines for a quantitatively described mis­
alignment. Misalignment, as referred to in the study, is defined as the 
distance between longitudinal axes of successively-laid tile with the 
axes held parallel. The section includes a dimensional analysis, a 
laboratory investigation with model tile and presentation of results. 
Analysis of the Problem 
The head loss in a tile line flowing full may be defined by the fol­
lowing functional relationship. 
AP = 0 (Xv X2, X3, 
where 
-1  -  2 a  AP = loss of piezometric head, ML T 
and 
X^ , Xg, Xg, XR are the independent variables which influ­
ence the value of AP. 
The following variables were listed as affecting AP: 
aDimensionally equal to. 
= denotes dimensionally equal to. 
- denotes dimensionless. 
L denotes length. 
T denotes time. 
M denotes mass. 
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Geometry of the tile 
length of individual tile &= La 
diameter of individual tile D = L 
misalignment or offset X = L 
number of tile N = 
roughness of the tile wall r = L 
Characteristics of flow on tile 
average velocity V = LT~^ 
Characteristics of the fluid 
density of the fluid p = ML~^ 
dynamic viscosity of the fluid p. = ML 
Inclusion of the above eight variables implies full (pipe) flow. 
Since the resistance to flow (friction factor) in geometrically similar 
pipes depends only on the Reynolds number, the acceleration of gravity 
was not included as a variable (32, p. 202). The tile were butted close­
ly together and angular misalignment was not present. 
One of the problems in closed-conduit models is that of attaining 
true representation of prototype resistance. Since exact geometrical 
similarity is not practical, the approach would rather be to attain equal 
hydraulic effects (24, p. 141). In applied situations such as flow in 
tile lines where a range of conditions is encountered, the selection of 
a relative roughness which will satisfy all conditions is not possible. 
First, the absolute roughness will vary with type and manufacturer of 
tile, and second, the hydraulic effect of any absolute roughness is rela­
tive to the conduit diameter. For example, a large-diameter concrete 
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pipe with a given absolute roughness can approach conditions for 
"smooth" pipe. Conversely, the same absolute roughness in a small pipe 
would have a higher friction factor at the same Reynolds number. In 
this study the model pipe was left "smooth" and the roughness term, r, 
excluded from the analysis. Thus, the friction factor predicted by the 
model would be somewhat less than that of the prototype tile. 
Dimensional analysis 
The application of the Buckingham Pi theorem to a relationship be­
tween the one dependent variable and the seven independent variables 
results in five dimensionless terms: 
(1) AP/pV^ , the head loss expressed essentially as Eulers number, 
(2) I /D, 
(3) D/X, 
(4) N, and 
(5) pVD/fi, Reynolds number, R. 
-M- = 02 (l/D, JL, N, -02-) (1) 
pvz x  ^
within the stated restrictions. 
In the Weisbach equation 
2 
Pl - P2 = f — 2Ï , where 
p^  - Pg = drop in piezometric head for uniform flow in a pipe length, 
L, and f is the dimensionless resistance coefficient. If 
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- Pg = AP, then the dependent term may be expressed as 
AP _ fL 2^) 
pv2 20 
Comparison of the dimensionless Equation 1 and the Weisbach equation 
indicates that 
= -JL. = N 03 D/X, -SOL) . (3) 
pV 2D D H 
Thus, f is a function of D/X and Reynolds number where L/D = N • J^ /D 
and N and l/D are held constant. Therefore, it should be possible to 
plot, for a given /^D, a form of Stanton diagram for "smooth" tile 
where f is a function of D/X and R. 
Laboratory Investigation 
Procedure 
A series of experiments were planned to evaluate the described func­
tional relationship. The general procedure for the experiments was to 
hold all but one of the independent terms constant, vary that term over 
the range of interest and thus determine its influence on the dependent 
variable. This procedure was followed within the limitations of the 
equipment and funds available. 
The study was carried out in the Soil and Water Conservation Research 
Laboratory in the Agricultural Engineering Building. A schematic drawing 
of the equipment used is shown in Figure 4. The flow rates were control­
led by a 2-inch gate valve and metered by a 2-inch calibrated elbow meter 
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coupled to a differential water manometer. Transparent plastic pipe of 
two sizes, 1%-inch diameter (ID) with 1/4-inch wall thickness and 2% inch 
diameter with 1/4-inch wall thickness, was used. Two or three test sec­
tions for each pipe size were constructed for each J^/D and D/X ratio 
with the exception of J?/D = 3.9. The test sections consisted of 10 or 
15 model tile butted together at prescribed offsets. They varied from 
19.5 to 52 diameters in length. 
The model tile junctions were set at a given offset by gluing after 
being placed in the proper position with the aid of a micrometer as shown 
in Figure 5. After some practice, it was possible to control the offset 
within + 0.01 inch. There was no merit in attempting to control the off­
sets more closely since a sampling of 25 inside diameters of the 2%-inch 
pipe showed that the standard deviation about the mean diameter was 0.017 
inch. A similar sampling of outside diameters indicated a standard 
deviation of 0.014 inch. The offsets were made in opposite directions 
in the same plane, that is, tile one was offset right; tile two, left; 
and so on (see Figure 6). One run was made to determine the effect of 
displacements set at 90° instead of 180*. To prevent leakage, the junc­
tions were wrapped with several layers of pressure-sensitive plastic 
tape. The assembled pipe was laid in a wood V-shaped trough and sup­
ported by fiber glass insulation to distribute the weight and reduce the 
probability of cracking at joints as shown in Figures 7 and 8. 
Values of ^/D of 5.2, 2.6, and 1.3 were used for both pipe sizes. 
Values of D/X observed in the 2%-inch pipe were 31.2, 16.7, and 11.4; 
values of D/X in the 1%-inch pipe were 16.7, 11.4, and 6.8. Thus, the 
Figure 4. Schematic drawing of arrangement of laboratory equipment 
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Figure 5. Placement of model tile at prescribed offset 
Figure 6. Example of two model tile sizes used in laboratory study 
37 
Figure 7. Arrangement of model tile in trough support 
Figure 8. Model tile supported on fiber glass insulation 
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values of D/X of 16.7 and 11.4 were duplicated in the two pipe sizes as 
shown in Figure 6. 
In order to better define the effect of varying misalignment, addi­
tional observations were made with 1%-inch pipe. A normal statistical 
distribution was assumed. A value of J^ fD = 1.3 and a D/X ratio with a 
mean value of 11.4 (0.132-inch offset) were used so that results could 
be compared with previous tests. Two replications of test sections 39 
diameters long were studied. Three tests with standard deviations of 
0.02 inch, 0.04 inch, and 0.06 inch were made. The distribution of exact 
offset values about the mean value for the 30 junctions was computed by 
the use of the standard normal curve formula and a table of the area of 
the normal curve (16). The sequence of placement of the junctions was 
randomized by picking the computed values from a hat, and placing the 
offsets, upstream to downstream, in the order and magnitude drawn. 
Several precautions were taken in order to acquire more accurate 
data. An approach length of at least 10 diameters of identical pipe was 
installed upstream from the first model tile junction. The piezometer 
at the upper end of the test section was located 0.8 D upstream from the 
first model tile. Corrections were made for increased pressure due to 
the protrusion of the edge of the first model tile into the flow on the 
test sections constructed of 1%-inch pipe for D/X values of 6.8, 11.4, 
and 16.7. No correction was needed on the 2%-inch pipe because of the 
reduced velocities within the range of experimental Reynolds numbers 
used. The correction was made by evaluating the difference between the 
head measured by the test piezometer and the head determined at the same 
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point by extending the hydraulic grade line from upstream in the approach 
pipe. The downstream piezometer was located at least two diameters be­
yond the "end" of the last model tile in the test section. The distance 
from the "end" of the model tile to the downstream piezometer was in-
the effect of the edge protruding into the flow was eliminated before 
the pressure was sensed at the downstream piezometer. The minimum 
distance from the last protruding edge in the test section to the down­
stream piezometer was 7.2 diameters. A correction was applied to the 
head loss readings to compensate for the extended lengths at each end of 
the test section. The correction was made by assuming a smooth pipe at 
the given Reynolds number. Head loss measurements were made with mercury 
or water manometers. Water temperatures were recorded for each test. 
Results 
The data obtained in the series of experiments were plotted as 
Stanton diagrams with the friction factor, f, of the Weisbach formula 
plotted as a function of the Reynolds number, R. Each point represents 
an average value of f obtained from either two or three test sections run 
simultaneously. The variation of individual readings from the mean value 
of f computed from the replications at a given Reynolds number is pre­
sented in Table 6 of Appendix A. The average of these variations for 
each J?/D and D/X ratio was computed for all observations through the 
range of Reynolds number tested. The average thus computed for each 
complete test varied from 0.4 per cent to 7.7 per cent based on the mean 
This was done to assure that 
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value of f for each replicated observation. 
Figures 9, 10, 11, and 12 present curves for various values of D/X 
for J0/D = 5.2, 3.9, 2.6, and 1.3, respectively. In some cases ( jf/D 
= 2.6, D/X = 11.4, D = 1% inch), extra sets of observations for given 
jé?/D and D/X values were made to check the reproducibility of data. In 
such cases the points from only one set of observations were plotted be­
cause of the difficulty of graphically presenting all points. All sets 
of observations are presented in Table 6 of Appendix A. An individual 
point also was omitted in a few instances to avoid congestion. 
The plotted data defined a straight line over the range of Reynolds 
number tested. The lines appear reasonable over the range of experi­
mental data, although it is certain that the function is not the assumed 
function of the type Y = a x ^  over a greater range of Reynolds number. 
Little error is incurred by assuming the logarithmic function over the 
range of the tests as may be judged from the curve for smooth pipe. In 
the case JljD = 3.9, D/X = 6.8 shown in Figure 10, it may be observed 
that a line is drawn between two sets of points taken from separate tests. 
In this instance difficulty was encountered in reproducing the data for 
what were supposedly identical conditions. Five separate tests were con­
ducted; the data shown represent the extremes of the variation for the 
five tests. The line drawn is the line-of-best-fit for the 194 observa­
tions of the five tests. The equation of the line is as follows: 
f - 0.240 
R0.159 
The standard deviation from regression was calculated to be 13 per cent. 
Figure 9. Model tile friction factors for >^ /D = 5.2 
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The range of Reynolds numbers obtainable with the equipment was 
about 3.5 x 10^ to 2.5 x 10^. This range lies within the practical 
£ 
range for tile, although values up to R = 10 may result when large tile 
are laid on relatively steep slopes. Data at the low end of the range 
was erratic because of flow pulsations resulting from pumping through 
the nearly-closed gate valve. Other causes for variation in data were 
pipe size variation and possible cracked joints. Since the joints were 
taped, it was not always possible to detect cases where a joint may have 
been cracked. In most instances the effect was severe enough to be 
noticed in the manometer readings. Since the model tile were broken 
apart, sanded on the ends, reglued and taped for each run, some effect 
of slight chipping of edges and hardened glue also was present. 
The figures listed above show the effect of varying the offset (D/X) 
on the friction coefficient, f, for the range of Reynolds number 
described above. The relationship of f and R for smooth pipe was added 
as a line of reference. Particular attention should be given to the 
lines with the same D/X ratios for the two sizes of pipe, since if the 
assumptions in the analysis of the problem are correct and sufficient 
control of geometry was obtained in construction of the test section, 
the data should define the same line within the limits of experimental 
error. 
The range of the data taken in the experiments by Yarnell and 
Woodward is indicated in Figure 9 by the shaded area. A line represent­
ing the friction factor for a 12-inch diameter smooth concrete pipe also 
is drawn in for reference. 
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Several observations may be made from the plots of friction factor 
presented as a function of the Reynolds number. 
1. In all cases, the friction factor remains a function of the 
Reynolds number in the range of data taken. In general, the fric­
tion factor varied least for the cases of most severe misalignment 
and varied most for the cases of least misalignment over the same 
range of Reynolds number. 
2. The data obtained from the two pipe sizes indicated reason­
able agreement for ^/D = 5.2 and 1.3. For the case of J?ID = 
2.6 and D/X = 11.4, some variation in line slopes for the two pipe 
sizes resulted. Also, the results of the D/X ratios of 11.4 and 
16.7 appear unduly close. No duplication of observations in two 
pipe sizes was made for /D = 3.9 because the 2%-inch diameter 
pipe had been cut to shorter lengths. However, no evidence of large 
discrepancies appeared in the three cases tested, thus supporting 
the assumptions made in the initial analysis. 
3. All data plot in a logical sequence. Figure 13 presents a 
composite view of all the data except that for ^/D = 3.9. The 
latter was omitted because of the difficulty of presenting all 
cases on one plot without loss of clarity. However, for comparison, 
the values of f for J@lT) = 3.9 varied from 0.059 to 0.074 for 
D/X = 6.8, 0.033 to 0.044 for D/X = 11.4, and 0.028 to 0.038 for 
D/X = 16.7. The shaded bands in the plot indicate the range of 
values of f for R = 5 x 10^ to R = 2 x 10^. Relative to the other 
f values, the f values for j£l"ù = 2.6 and D/X = 11.4 appear to be 
Figure 13. Composite plot of model tile data 
FRICTION FACTOR , f  
55 
about 10 per cent low at the upper edge of the band. 
4. If it is assumed that values of D/X which are greater than 
16.7 (offsets less than 6 per cent of the tile diameter) include 
the majority of field situations, Figure 13 indicates that doubling 
the length of individual tile would reduce the friction factor 
about 20 per cent within this range of the data. As misalignment 
becomes greater, the advantage of longer tile becomes greater. 
Conversely, the same increase in degree of misalignment is more 
serious for tile which are short in terms of diameters length. For 
example, increasing misalignment from about 3 per cent to 6 per 
cent of the diameter increases the friction factor about 22 per cent 
for J?/'D = 5.2 in the higher Reynolds number range to about 50 per 
cent for J?/D =1.3 for the lower range of Reynolds number. 
Practical significance of results 
From the economic standpoint, the capacity of the tile is of primary 
significance. If it is assumed that the slope of the hydraulic gradient 
is equal to the grade on which the tile is laid, the capacity of the tile 
varies as the square root of the friction factor. Although this assump­
tion is made in present-day design, it is in error when lines flow under 
pressure. In this case the hydraulic gradient, as well as the friction 
factor, is variable. However, the assumption provides a simple basis 
for comparison of the data in terms of per cent reduction of capacity 
relative to smooth pipe. Table 1 presents the capacity of tile in terms 
of per cent of capacity of smooth pipe for tile lines with equal grades 
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Table 1. Per cent of capacity of "smooth" pipe for lines with equal 
hydraulic gradients for R = 10^ 
Values of 
yf/D 
Values of D/X 
31.2 16.7 11.4 6.8 
5.2 91 82 73a 57a 
3.9 -- 74 68 & 52a 
2.6 82 71 67 a 47 a 
1.3 75 62 54a 37 a 
^These per cents represent values of D/X which are too small to be 
of practical significance. 
at a Reynolds number equal to 10^. 
For values of D/X of 16.7 to 6.8 (6 per cent to 16 per cent of the 
diameter), the capacities decrease almost linearly for any given Jllti 
ratio. The decrease of capacity for a per cent change in diameter within 
this range is also nearly the same for any ^/D ratio tested. However, 
for values of D/X greater than 16.7 (less than 6 per cent of the 
diameter), the rate of decrease of capacity for a 1-per cent-of-
diameter change of misalignment is greater. Doubling the length of tile 
for D/X values of 31.2 and 16.7 increases the capacity from 9 per cent 
to 14 per cent. Since increasing the length of tile aids the contractor 
in securing better alignment, doubling the length of tile would increase 
tile capacities more than the quoted per cents indicate. 
The common presentation of tile capacity as a function of slope is 
shown in Figure 14. Data representing 4-inch, 8-inch, and 12-inch tile 
Figure 14. Tile capacity as a function of slope 
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are shown for conditions of D/X = 16.7, 31.2, and smooth pipe. Data 
taken by Yarnell and Woodward plot primarily between the condition for 
smooth pipe and D/X = 31.2 as would be expected.' Within the range 
tested, the model data for D/X = 31.2 and 16.7 are approximately parallel 
with smooth pipe. The difference in slopes of lines between the model 
data and the data of Yarnell and Woodward is due primarily to the use of 
a constant factor in the Manning formula. 
Other tests 
One trial was made (see Figure 11) in which each offset was set in 
a direction perpendicular to the previous offset. The gluing of 
successive joints proceeded in a clockwise direction. The objective of 
the trial was to determine whether the direction of succeeding offsets 
would change the friction factor appreciably for a given Reynolds 
number. The results shown in Figure 11 for J0/D =2.6 and D/X = 11.4 
indicated a friction coefficient about 8 per cent higher for the given 
case. 
The results of the tests involving a mean offset and an associated 
standard deviation are shown in Figure 15. The tests were made with 1%-
inch diameter plastic pipe with Q /D = 1.3 and a mean offset ratio of 
D/X = 11.4, or an offset of 0.13 inch. The range of standard deviation 
was limited by the wall thickness of the plastic. Since the maximum off­
set possible was 0.25 inch, the maximum standard deviation was 0.06 inch 
for the number of joints used. Thus, for a selected mean offset, values 
of the standard deviation chosen were 0.02, 0.04, and 0.06 inch. The 
Figure 15. Friction factors for mean D/X = 11.4 and various standard deviations 
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plot of the results of these tests indicated that the friction factors 
over this range of standard deviation are not significantly different 
from the friction factors obtained where the offset was constant, since 
the results lie within the range of experimental error. 
Summary of Results of Laboratory Investigation 
Laboratory tests were conducted on model tile to determine: (1) the 
effect of misalignment on the capacity of tile, and (2) the effect of 
tile length on the capacity of tile. Tests were made through a Reynolds 
number range of 3.5 x 10^ to 2.5 x 10^ for misalignments of 3.2, 6.0, 
and 14.7 per cent of the diameter and for length-to-diameter ratios of 
1.3, 2.6, 3.9, and 5.2. 
Results of the tests showed that the capacity of tile may be reduced 
to 80 per cent of present design standards within the range of common 
field misalignment (misalignments of less than 6 per cent of the 
diameter). Tests of misalignment of more than 6 per cent indicated that 
tile capacities could be reduced much more by extremely poor alignment. 
Tile capacities may be increased by enlarging the length-to-diameter ratio 
provided similar alignment is maintained. 
Offsets were held constant in all cases except in one series of 
tests in which misalignment was varied according to a normal statistical 
distribution. Observations indicated that the mean value of a series of 
measured misalignments results in the same resistance to flow at the 
same Reynolds number as a constant misalignment of the same magnitude as 
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the mean. This statement is restricted to the range of Reynolds number 
and standard deviations of the tests. 
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FLOW OF WATER IN SINGLE TILE LINES 
The second section of the problem is devoted to a study of full flow 
in main tile lines. Several practical questions are associated with the 
hydraulics of single field lines such as mains which convey water a con­
siderable distance. These questions relate to the use of breathers and 
pressure relief risers, the resistance to flow of field installations, 
and the capacity of field installations relative to current design as­
sumptions. These factors involve such basic variables as hydraulic 
gradients along the line, tile-line geometry, and the air and water 
permeability of the soil about the tile. 
The primary objectives of this section of study were: 
1. To record hydraulic gradients in field lines having grade changes 
and sharp turns in order to define the nature of flow in field 
lines. 
2. To determine the roughness coefficient values for Manning's 
formula from field installations. 
The fulfillment of these objectives would provide needed information 
relating to the practical problems listed above. 
Design of the Experiment 
During the fall of 1956 and the spring of 1957, a tile hydraulics 
experiment was installed on the field area about a half mile south of 
Highway 30, east of Beech Avenue, Ames, Iowa in an effort to obtain data 
to meet objectives of the study. The experiment was installed by Mr. Kay 
Eliason, an Agricultural Engineering graduate of Iowa State University. 
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The trenching was done with a Buckeye Trencher and the tile laid in the 
conventional manner. Excavations required for sumps and piezometer sta­
tions were made with a backhoe. The clay tile installed were all 4 
inches in diameter with the exception of a portion of one line which in­
cluded some 6-inch tile. The turns were made with tile cut at an angle 
and were laid with a 5-foot radius of curvature (see Figure 16). 
Since the soil at the higher elevations of the experimental area 
contained gravel, certain portions of the lines were "blinded" and back­
filled to a depth of 1 foot with soil hauled in from a site near Squaw 
Creek. Table 2 presents the mechanical analysis of several samples of 
site and imported soils. The second sample of soil on line D did not 
have a station location since it was taken from the truck before the soil 
was placed in the trench. The soils fall within the textural classifica­
tions as loams, clay loams, or sandy clay loams. 
The mean inside diameter of tile installed was obtained by measuring 
Table 2. Mechanical analysis of "blind" material 
Location % Sand % Silt % Clay Comments 
0.002 mm 
Line A, 3+50 37.5 36.4 26.1 imported soil 
Line B, 5 -f 20 59.1 21.3 19.6 soil at site 
Line D, 4 + 00 48.8 40.6 10.6 soil at site 
Line D 54.3 27.9 17.8 imported soil 
Line B, 2+50 56.5 21.3 22.2 subsoil at site 
66 
the vertical and horizontal diameter of every tenth tile as stacked in 
the field. The mean diameter of 4-inch tile was 4.18 inches, the 
standard deviation was 0.05 inch. The mean diameter of the 6-inch tile 
was 6.12 inches; the standard deviation was 0.08 inch. 
Measurement of misalignment 
The misalignment at the downstream joint of every tenth tile was 
measured (see Figure 17) after a small amount of "blinding" soil had been 
placed over the line to hold the tile in position. The measurements were 
made with a homemade device which indicated, to the nearest hundredth of 
an inch, the maximum displacement of the outside walls at the point of 
abutment of the tile. All measurements were made somewhere along the 
upper half of the circumference. Since the conditions for laying tile 
were excellent when the experiment was installed, the alignment was bet­
ter than would be expected if the ditch bottom had been extremely wet. 
The mean misalignment measurement and the standard deviation for each 
line and tile size are presented in Table 3. 
The data indicate that misalignment as measured by the outside wall 
displacement was less than 6 per cent of the tile diameter with a wide 
scatter of individual measurements relative to the mean. The misalign­
ment measured is comparable to that of the model tile insofar as tile 
wall thickness and diameter of the tile vary in the same order of magni­
tude as the model tile. 
Figure 16. Field tile laid with a 5-foot radius of curvature at turns 
Figure 17. Measurement of tile misalignment 
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Table 3. Misalignment of experimental field tile 
Line designation 
Tile size 
(inches) 
Average misalignment 
(inches) 
Standard deviation 
(inches) 
A 4 0.19 0.11 
B 4 0.21 0.08 
C 4 0.19 0.12 
D 4 0.25 0.13 
D 6 0.22 0.11 
All 4-inch tile 4 0.20 0.11 
Description of the individual lines 
The experiment consisted essentially of four individual tile lines 
which were operated individually and through which water was circulated 
by gravity from a storage tank (see Figure 18). Provisions were made for 
measuring flow and for measuring the piezometric pressure at seven sta­
tions on each line. 
Each line in the experiment was designed to represent a different 
slope condition or tile size relationship. The slopes of the various 
lines were selected to represent extremes in changes of grade. Thus, any 
interdependence between sections of the same line should be reflected in 
the hydraulic gradients. Table 4 describes the location of piezometer 
installations and grade changes. 
At stations near changes of grade, large wells were installed to 
permit observation of flow in the transparent plastic pipe section (see 
Figure 18, Map of experimental site 
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Table 4. Station locations for given installation 
Line A Line B Line C Line D 
Piezometer No. 1 0 + 20 2 + 2 0  0 + 2 0  0 + 2 0  
Piezometer No. 2 1 + 33a 3 + 41a 1 + 34a 1 + 2 2  
Piezometer No. 3 1 + 75 3 + 76 1 + 76b 1 + 65a 
Piezometer No. 4 2 + 56 4 + 36 2 + 5 6  2 + 44 
Piezometer No. 5 3 + 36 4 + 99 3 + 44 3 + 33a 
Piezometer No. 6 3 + 70a 5 + 23a 3 + 81a 3 + 76 
Piezometer No. 7 4 + 39 6 + 1 8  4 + 91 4 + 83 
Grade changes 1 + 50 3 + 50 1 + 60 1 + 50 
Grade changes 3 + 50 5 + 10 3 + 60 3 + 50 
^Location of large observation wells• 
&At this station the base of the piezometer was installed at too 
low an elevation to permit reading of pressures less than atmospheric. 
Figures 19 and 20). Details of piezometer and well installations are 
presented in Figures 32 through 35 in Appendix B. Small piezometer wells 
were offset from the lines, while the lines were run through the large 
wells. The soil was compacted around the steel and transite pipe used 
as approach and exit sections to assure that water would not flow into 
the wells from the tile lines. The observation wells in line D were in­
stalled on the center section because the upper and lower sections were 
6 inches in diameter and thus very costly. Line D was installed in such 
a way that each section of a given size was given the necessary slope, 
Figure 19. Transite and plastic section used for observations in large 
wells 
Figure 20. Exploded view of transite and plastic junction 
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based on present design criteria, to convey the water discharged from 
the tile above it. No breathers or pressure risers were installed. 
The installed grades of the upper and lower portions were 0.2 per 
cent, 0.2 per cent, 1.2 per cent, and 1.2 per cent for lines A, B, C, 
and D, respectively. The installed grades of the center portions were 
2, 15, 10, and 10 per cent, respectively. 
Description of flow control and measurement equipment 
Flow control and measurement equipment were installed between the 
reservoir tank and the upper ends of the four tile lines as shown in 
Figures 21 through 24. The flow measurement device used at the entrance 
end of the test section consisted of an orifice meter attached to a dif­
ferential water manometer (see Figure 23). The meter was constructed by 
installing a copper orifice plate in a standard 5-inch pipe flange. 
Pressure taps were placed above and below the orifice plate according to 
the recommendations of the Mechanical Engineers Handbook (21). Two sizes 
of orifices were calibrated and employed; however, only the 3%-inch by 
5-inch meter was used extensively. The discharge coefficients of the 
meters agreed within 2 per cent with the coefficients listed in the above 
reference. The calibration curve for the larger orifice meter is pre­
sented in Figure 36 of Appendix B. 
During the second season measurements of discharge from the tile 
lines were made with a calibrated V-notch weir as shown in Figure 24. 
The weir was constructed in the side of a box which was inserted into 
the sumps during the tests. The water discharged by the tile line into 
Figure 21. Reservoir tank placed at upper end of test lines 
Figure 22. View of flow control equipment and orifice meter 

Figure 23. Differential manometer attached to orifice meter 
Figure 24. View of flow discharging into weir box 
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the weir box passed through a series of baffles and discharged through 
the V-notch into the sump. The weir was calibrated with the baffles in 
place in the laboratory; the calibration curve is presented in Figure 37 
of Appendix B. 
The rate of flow into the lines was controlled by a gate valve 
downstream from the orifice meter. The flow to the individual lines was 
controlled by gate valves installed in the manifold at the entrance to 
the lines as shown in Figure 22. 
Field Test Procedure 
Tests conducted in 1957 
Preparations for experimental observations were made the day previ­
ous to the tests on individual lines. At least one reservoir tank of 
water was discharged through the selected line in order to saturate the 
soil near the tile joints. The lids of the piezometer wells were re­
moved and surveying rods placed in position along the piezometer as shown 
in Figures 25 and 26. The "zero" level of the water in the piezometer 
was recorded and the piezometer washed for easier observation. The 
"zero" water level reading was 0.05 foot above the bottom of the line 
for the 4-inch tile lines and 0.08 foot above the bottom of the 6-inch 
tile lines because the pressure sensing orifice was located 1/8 of the 
circumference (45°) from the bottom of the line. Observations of 
piezometric level (hydraulic gradient) were made with a mirror mounted 
at 45° which was read from the top of the piezometer well as shown in 
Figure 26. 
Figure 2.5. Location of surveying rod rela- Figure 26. View of small observation well 
tive to plastic observation with surveying rod in place 
section 
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In the tests conducted in 1957, four observers were required to ob­
tain the necessary discharge and piezometer readings for the test line 
because of the gradual head loss in the tank. Because of seepage losses 
from the lines, readings had to be taken at short intervals thus requir­
ing more observers. The observer at the test line entrance controlled 
the flow and read the differential manometer attached to the orifice 
meter. The other three observers read the piezometers. The set of 
piezometer observations for a given discharge was obtained in as short 
a time as possible to reduce the effect of the varying head. Readings 
were taken about every 3 minutes. In all cases the maximum flow read­
ings were recorded during the early part of the test and the low discharge 
readings recorded late in the test. The dur, :ion of the tests conducted 
in 1957 varied from 7 to 21 minutes for obser itions over the measurable 
range of discharges. 
During the test of line A, the water was returned to the reservoir 
with a pump placed at the discharge sump. Since the pump had insuffi­
cient capacity at higher heads to return the discharges from, the other 
lines, the water was wasted. 
Tests conducted in 1958 
Two modifications were made in the installation before the tests 
were conducted in 1958. A V-notch weir was constructed, calibrated and 
used to measure line discharge. Also, a pipe line was laid from a near­
by fire hydrant to the tank in order to obtain water to replace the 
seepage losses from the tile line and leakage from the irrigation pipe 
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returning water to the tank. The head in the tank was held relatively 
constant by controlling the valve at the hydrant. As a result of the 
latter modifications, the 1958 test durations were increased from 4 to 
6 hours. 
In July 1958, before the tests were run, a total of 9.05 inches of 
rain fell at the experimental site. Rainfalls of 1.08 inches, 0.18 inch, 
and 0.93 inch fell on July 19, 24, and 27, respectively. The tests were 
conducted between July 24 and July 29, thus the soil in the experimental 
area was at or near field capacity. In addition, to insure nearly 
saturated conditions at the time of the tests, a tank of water was dis­
charged through the lines at low heads the day prior to conducting the 
runs. 
Two men recorded the observations in 1958. One man was stationed 
near the discharge end of the tile line to operate the pump, read the 
water temperature, and measure the head on the weir. The other observer 
adjusted the control valve to establish the discharge. After equilibrium 
of flow was established, he recorded the piezometer readings in order 
from the upstream to the downstream end, next read the head on the weir 
at the outlet, and then reread, in reverse order, the piezometer read­
ings. 
The rate of flow entering the line under observation was recorded 
at the beginning and end of a test run.* There was some variation in 
^A run, as used in this study, is defined as the set of readings 
associated with a given rate of flow entering a line. The runs were 
numbered for a given test line. 
85 
discharge since it was difficult to hold the level of water in the tank 
constant during the 15-minute interval required for the observations. 
Contrary to the previous year, the low-discharge runs were conducted 
first and the high-discharge runs conducted last. This allowed suffi­
cient time for seepage water to complete saturation around the tile 
joints before high heads were applied. 
The flow was circulated for about 45 minutes between runs. It was 
possible to return all discharging water to the tank with the pump in 
tests on lines A, B, and C. However, the capacity of line D was suffi­
ciently great that an additional pump was required to keep the water 
level below the outlet. Water discharged by the additional pump was 
wasted. 
Discussion of Results of Field Experiment 
Two sets of data, each recorded in different years, were obtained 
from the experimental lines. The data from the tests of the second year 
were superior because the tests were of longer duration, the flow was 
nearly steady, and discharge measurements were taken. Therefore, while 
the results were qualitatively the same, the emphasis in this discussion 
is on the results of observations made the second season. The results of 
the 1957 and 1958 tests are tabulated in Tables 7 through 14 of Appendix 
B. 
Observations in line A 
A detailed test of about 4 hours' duration was made on July 24, 1958. 
86 
Six runs were made during this test; the heads relative to the bottom of 
the tile varied from approximately 1 foot to 4 feet at number 1 
piezometer.^ Figure 27 shows the piezometric gradients for four of the 
six runs. The symbols for the separate runs, which indicate the height 
to which water rose in the piezometer, show that the line was under 
pressure over the entire length for the higher discharges. However, for 
test discharges less than about 0.28 cfs, the piezometric surface was be­
low the inside top surface of the tile at the upper end of the center 
section, and thus either the tile was not flowing full or a slight 
vacuum was present in the line. For all test discharges the upper and 
lower portions of the lines were under positive pressures at all times. 
No entrained air was observed at the plastic section at the lower end of 
the line. 
As may be noted from Figure 27, the piezometric head at piezometer 
station number 5 was always above the top of the tile. This indicated 
that if the line line was flowing partially full below the upper break 
in grade, a hydraulic jump occurred somewhere in the line between 
piezometer station 4 and piezometer station 5. 
The quantity of flow entering and discharging from the test line 
was almost constant for runs number 1 and 4. As heads were increased in 
the line, the amount of water lost in seepage increased, and at the maxi­
mum head in run number 6, the quantity discharging from the tile was 
approximately two-thirds of that entering. The present design capacity 
^The piezometers were numbered consecutively beginning with number 
1 at the uppermost observation point. 
Figure 27. Piezometric heads relative to bottom of tile in line A 
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of a 4-inch tile is set at 0.1 cfs for a line laid at 0.2 per cent grade; 
the capacity for a 4-inch line laid at 2 per cent grade is approximately 
0.32 cfs. Thus the grade at which the tile was laid was not related to 
the capacity of the line. 
Observations in line B 
The test of more than 4 hours' duration on line B was completed on 
July 26, 1958. The flow entering line B was not listed on Figure 28 
since about 300 feet of tile were installed between the orifice meter 
and the first piezometer station. At high piezometric heads a consider­
able amount of water was lost from the line before the head was 
measured at the first station. The seepage loss in line B was neglibible 
where piezometric heads at any point in the line were only a few inches 
above the top of the tile. However, as was the case in line A, about 
one-third of the flow entering was lost from the line between the inlet 
and outlet ends in cases where the piezometric head was 2 to 3 feet above 
the tile in the upper portion of the test section. 
Flow conditions varied somewhat from line A. It may be noted in 
Figure 28 that the piezometric surface was very near the bottom of the 
tile in the portion of the line with 15 per cent slope. The observations 
indicated that a combination of partial vacuum and open-channel flow oc­
curred in this portion. At all times during the test, air was observed 
being carried by intermittent slugs of water past the lower plastic sec­
tion at piezometer station number 6. At no time during the test was air 
observed in the flow at piezometer station number 2. The air moving 
Figure 28, Piezometric heads relative to bottom of tile in line B 
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under pressure past piezometer station 6, therefore, was entrained be­
tween piezometers 2 and 6. This indicated that sufficient vacuum was 
present in the line at all times to move the entrained air through the 
soil. The fact that the piezometric grade line was below the tile at 
the center of the steep portion of the line was evidence of the extent 
of the vacuum. Since no air entrainment was observed in line A, ap­
parently the increased slope, and resulting high velocity and turbulence 
in line B was required to entrain the air. 
Observations in lines C and D 
Lines C and D (see Figures 29 and 30) were installed at identical 
slopes in the test section; however, as explained previously, line D was 
provided with 6-inch tile for the approach and exit portions of the line. 
The test on line C was conducted on July 28, 1958; the test on line D was 
conducted July 29, 1958. In both tests the piezometric head in the lines 
was held below the soil surface. The discharge from line D was not 
measured because the weir had insufficient capacity. For this line, 
seepage losses were probably small because of the low piezometric heads. 
The plastic observation sections in line D were installed at piezometer 
stations 3 and 5 which are positioned at the upper and lower ends of the 
steep portion of the line. 
During all of the runs in lines C and D, as was the case in line B, 
the piezometric grade line at the steep section of the line was near the 
bottom of the tile. Correspondingly, the piezometric grade lines in the 
relatively flat upper and lower portions were above the tile line. In 
Figure 29. Piezometric heads relative to bottom of tile in line C 
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line C, air was observed moving with the flow in all six runs in the 
test. Again air was drawn into the line along the steep portion of the 
test section and carried out of the line by full flow. There was an oc­
casional bubble moving with the flow at piezometric station 2 on line C; 
however, it is believed that the air entered at the control valve on the 
manifold. Observations at piezometer number 3, line D, provided proof 
that a slight vacuum existed in the steep portion of the line. Here the 
piezometric surface in the plastic section was observed to be at the 
bottom of the line, while it also was observed that the pipe was flowing 
full. In runs 3 and 4 in line D, only occasional small bubbles were ob­
served in the flow at piezometer station 3. Again air was drawn into the 
line through the soil and then forced out of the line with full flow. 
Calculation of roughness values 
The tests of 1958 were of sufficient duration to permit calculation 
of values of the roughness factor in Manning's formula in those sections 
of the various lines which flowed full and in which the rate of flow was 
metered accurately. The roughness coefficient, n, was calculated by 
solving Manning's equation, with the known discharge, tile cross section­
al area, wetted perimeter, and piezometric gradient given. Only data on 
hydraulic gradients from those portions of the test sections which were 
nearest the flow measurement devices, the upper and lower portions, were 
used in the calculations. In those portions of the line, full flow was 
assured and the rate of flow was determined accurately. 
The average roughness coefficient, n, for five replications of 
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4-inch tile was 0.0108, which is the figure used in present design. The 
average value of n for the 6-inch tile was 0.0128, which indicates a 
capacity about 85 per cent of design capacity. Figure 31 shows the 
field data plotted relative to the design data and the model data. The 
design relationship shown is based on the actual tile diameter. 
In general the data scatter about the present design line and the 
model prediction line, except at slopes above 1% per cent. The model 
prediction line would be expected to plot above the field data because 
the model-tile walls were smooth while field tile have somewhat irregular 
wall surfaces. 
Summary of experimental observations 
Several observations related to the hydraulics of tile lines flowing 
full may be made from the field experiment. 
1. The pressure distribution in the tile lines when flowing full was 
not comparable to flow in a closed conduit. The flow was not uniform 
in lines of constant diameter. At points in the lines where the tile 
grades became steeper, the relative ease of air entry into the lines 
permitted development of pressures within the lines only slightly 
less than atmospheric. Maximum vacuums of about 1/3 foot of water 
were measured where air was entrained in the flow; if the flow had 
been similar to flow in a closed conduit, vacuums of several feet of 
water would have developed at the first break in grade in line B. 
In sections of the lines where pressures greater than atmospheric 
were encountered, the flow was not uniform because of seepage from 
Figure 31. Capacity of tile in field tests 
100 
6 INCH 
O SMOOTH PIPE 
o PRESENT DESIGN 
A MODEL PREDICTION 
• FIELD DATA 
0.011 1 1—I—I l I I i l 1 l l l I I i n i i i I i i i i i 
0.01 0.02 0.04 0.10 0 20 0.40 1.00 2.0 0 4.00 10. 
SLOPE, PER CENT 
101 
the lines. For a pipe of constant size discharging freely into the 
air, the hydraulic grade line should be straight and pass through 
the center of the outlet end. It may be noted that none of the 
hydraulic grade lines were straight lines from the outlet upstream 
beyond changes in tile line grades. 
2. The capacities of the tile lines were associated with the grade on 
which the tile were laid in only a limited way. While lines flowed 
under pressure, the slope of the hydraulic grade line, rather than 
the tile grade, was the pertinent variable of the two in the deter­
mination of quantity of flow. Downstream from the station where 
the tile grade was increased, the capacity of the lines were affected 
by air entry. The slope of the hydraulic gradients above and below 
changes in tile line grade conformed to neither open-channel flow 
nor pipe flow. 
3. The variation in Manning's coefficient for the experimental field 
installation indicated that the capacity of the field tile lines 
varied from about 85 to 100 per cent of the design capacity. 
Practical aspects of the tile experiment 
Practical aspects of the experiment are related to the use of 
breathers, pressure relief risers, and capacities of tile lines. Obser­
vations from the experimental lines plus certain research reported in 
the literature provide evidence related to the function of tile line 
appurtenances. 
Although the function of breathers has not been defined by drainage 
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engineers, the following statement from the 1959 Agricultural Engineers 
Yearbook (p. 144) states that the place of need is at the beginning of 
a steep section: 
The necessity for a breather near the beginning of a steep 
section and a relief well at the point where the steep sec­
tion changes to a flat section should be considered. 
This was interpreted as a need arising from pressures within the tile 
lines. If the function of the breather is to relieve a vacuum, the field 
observations indicate that they serve little purpose because of the ease 
of air movement into the lines. If the soil about the tile line was wet 
or even temporarily saturated, the hydraulic gradients would approach 
the closed conduit condition at the break in grade, increase the vacuum, 
and pull air (and water, if saturated) into the line. From the viewpoint 
of hydraulics, the vacuum would be advantageous because it would cause 
the hydraulic gradient in the flat section upstream from the change in 
grade to increase and thus increase the flow in the line. Experimental 
observations indicated the vacuum would exist only temporarily after a 
rain where the flow conditions are such that air is not entrained in 
the flow as was the case in line A. In such cases there would not be a 
continual movement of air through the soil into the line. The observa­
tions from the experiment indicated that the tile breather serves 
little purpose in the function of tile lines except as a location 
point. 
The practical application of pressure relief risers has not been de­
fined in a quantitative way although their function has been described. 
According to the 1959 Agricultural Engineers Handbook (p. 145) relief 
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risers should be used in the following instances: 
1. at points where the tile line might become overloaded for a 
short period of time such as at the end of a steep section, 
2. on lines which have surface inlets, and 
3. on existing temporarily overloaded mains. 
In Iowa, available records (34) reveal discharges of more than 1/4 
inch in 24 hours from tile systems occur only about once every 3 years 
on an average. However, higher rates of discharge for shorter periods 
occur more often. Thus, records indicate that tile mains flow under 
pressure on such occasions. 
A "blowout" or seepage to the surface could occur at any time when 
the piezometric head in the tile is above the surface of the soil. Ob­
servations in the field experiment indicated that the blowout would 
occur at a point or points within the soil where least resistance to 
flow was encountered. Several such observations were made in initial 
tests in which the piezometric head was permitted to rise above the sur­
face at piezometer station 1 in lines A, B, and C. 
Any precaution in design which would keep the piezometric surface 
below the soil surface would aid in preventing "blowouts". Deep place­
ment of tile, if topography permits, would reduce the probability of 
such an occurrence. On the other hand submergence of outlets would 
raise the hydraulic grade line by approximately the extent of the sub­
mergence, thus greatly increasing the probability of "blowouts" in mains 
with flat grades near the submerged outlet. 
Installing surface inlets as part of large tile systems may create 
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flow conditions which would result in "blowouts". In order for this to 
occur the geometry of the inlet would have to be such to permit the 
piezometric gradient to extend almost to the surface of the water in the 
"pot hole" about the inlet. In such a case the quantity of flow in tile 
mains would bear little relation to the tile line grade, and lines would 
flow under pressure a considerable distance upstream and downstream from 
the inlet. If seepage from lines were assumed negligible, the location 
of hydraulic grade line could be calculated in complex systems where the 
tile size, friction coefficient, tile line lengths, and elevations of 
water surfaces in "pot holes" were known. Predictions of location of 
imminent- "blowouts" could be determined in this manner. 
Further consideration of the use of relief risers should be given 
where existing mains are too small or where installation of recommended 
design size is sufficiently costly to deter installation of any tile 
drains. This would necessitate maintaining a grassed waterway offset from 
the tile line. Records indicate that the durations of full flow of more 
than 24 hours are relatively infrequent. Rates of discharge from the 
relief riser would be small relative to surface runoff discharges except 
where tile were very large. Since tile mains flow full for more than 24 
hours infrequently, the use of relief risers and waterways as an auxil­
iary flow path would permit lower-cost installation of tile outlets where 
waterway construction was feasible and maintenance was assured. In 
cases where installed mains have insufficient capacity, installation of 
relief risers would augment that capacity at little additional cost. 
In present-day design capacities of tile lines are based on the as­
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sumption that the slope of the hydraulic gradient is the same as the 
tile line grade. Observations from the field experiment and discharge 
measurements from other experiments have indicated, however, there is 
little relation between the two grades when tiles are flowing full. 
Mains flowing under pressure could reduce effectively the hydraulic 
gradient in attached laterals; submerged outlets could affect mains in 
a similar manner. On the other hand slopes of the hydraulic gradient 
could be steeper than the tile line grade as discussed previously. The 
incorporation of a grade other than the tile line grade in design is a 
practical problem complicated by lack of information on frequencies of 
magnitudes and durations of tile discharge for various soils and topog­
raphy. Also such factors as the total length of laterals attached to a 
main, the number, geometry, and location of open inlets, and sedimenta­
tion are facets of design essentially disregarded at present, but at the 
same time difficult to introduce into routine design procedure. Thus 
lack of understanding of factors incorporated into the drainage coeffi­
cient make the use of more correct hydraulic gradients impractical. 
Tile Alignment for Contract Installations 
In order to determine the accuracy at which tile were laid on 
contract installations, measurements of tile alignment were made at four 
locations in the Carrington-Clyde soil association area. A total of 25 
joint measurements per location was made by measuring the maximum dis­
placement at every fifth joint in a string of more than 125 tile. 
Measurements were made with a combination square after the tile were 
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"blinded" and before backfilling. Table 5 presents the results of the 
measurements. 
Although the tile were small and digging conditions fair in all 
cases, the average misalignment was small. In all cases the average 
misalignment was less than 5 per cent of the tile diameter. The data 
Table 5. Misalignment of tile installed by contractors 
Tile size Make of machine 
Average 
misalignment 
inches 
Standard 
deviation 
inches 
Location 
6 inch Barber Greene 0.18 0.10 Sumner 
5 inch Buckeye 0.18 0.13 Davis Corners 
5 inch Barber Greene 0.21 0.14 Winthrope 
5 inch Barber Greene 0.14 0.07 Sumner 
were scattered widely relative to the mean as indicated by the standard 
deviation. 
Summary of Results of Field Investigations 
Observations of an experimental field tile installation were made 
to define the nature of flow in single tile lines and to determine the 
value of friction coefficients for flow in field tile lines. 
The experimental installation consisted of four individual tile 
lines which were operated individually and through which water was circu­
lated. Severe increases and decreases in grade were incorporated in each 
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of the lines. Pressures were measured at seven points along each line, 
and the quantity of flow entering and discharging was recorded. The 
lines, constructed of 4-inch or 4-inch and 6-inch tile, were installed 
without breathers or pressure relief risers. 
Full-flow tests of each line were conducted in 1957 and 1958. The 
pressure distribution in the lines during the tests indicated that the 
flow was not comparable to closed-conduit flow. Air entry into lines 
at points of increased grade permitted development of pressures only 
slightly less than atmospheric. Where positive pressures were en­
countered, flow was not uniform because of seepage from the lines. Air 
was entrained in the flow in lines with the most severe grade changes. 
Since the hydraulic gradient was not parallel to the tile line 
grade, the quantity of water flowing in the lines varied considerably 
from the quantity predicted by present design. Thus, although the tile 
line grade is a convenient design factor, it has limited relationship 
to the slope of the hydraulic gradient which is the pertinent variable 
in computing the quantity of water flowing. 
Measurement of the variables involved indicated Manning's coeffi­
cient for the field installation was equal to or greater than the present 
design coefficient. Since the capacity of a tile line varies inversely 
as the coefficient, the capacity of the experimental lines varied from 
85 to 100 per cent of design capacity. 
In order to supplement the data from the experimental studies with 
data from contractors' installations, measurements of misalignment of 
tile were made on four farm tile systems. Average misalignments of less 
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than 5 per cent of the tile diameter were recorded for the four samples 
obtained. 
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CONCLUSIONS 
Certain conclusions may be derived from the study. However, the 
conclusions are valid only within the stated limitations. 
The following conclusions apply to the tile misalignment study: 
1. The friction factor (Weisbach) remained a function of the 
Reynolds number over the range of data taken. 
2. Doubling the tile length reduced the friction factor about 20 
per cent where misalignment was less than 6 per cent of the diam­
eter. As misalignment becomes greater, the advantage of longer 
tile becomes greater. 
3. Actual capacity of tile lines as laid in the field is about 80 
to 100 per cent of the design capacity. 
4. Observations indicated that the mean value of a series of 
measured misalignments results in the same resistance to flow 
at the same Reynolds number as constant misalignments of the 
same magnitude as the mean, within the range of standard devia­
tions tested. 
The following conclusions apply to the field study: 
1. Flow of water in tile lines is non-uniform because of ease of 
entry of air into the lines at points of increasing tile line 
grade, and because of seepage losses when the hydraulic gradi­
ent is above the water table. 
2. Capacities of tile lines bear no unique relationship to the tile 
line grade as assumed in practice. Only the hydraulic grade 
line is pertinent. 
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3. The field experiment indicated that breathers serve little 
purpose in the function of a tile line in easily drained soil 
since only small negative pressures (vacuums) are developed. 
4. Flow in tile lines at sections of sharply increased grade may 
entrain air drawn into the line through the backfill. 
5. Poor tile alignment and submerged outlets as well as open 
inlets increase the probability of tile line "blowouts". 
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Table 6. Results of individual model tests 
Run Reynolds Average Per cent 
number number f value variation3 
/^D = 5.2, D/X = 31.2, D = 2.5 inches, 2 replications 
1 6.50 x 104 0.0250 4.5 
2 7.62 0.0244 4.9 
3 10.90 0.0205 3.8 
4 11.77 0.0204 2.4 
5 14.23 0.0187 0.6 
6 15.94 0.0187 1.0 
7 17.35 0.0181 2.5 
8 14.35 0.0192 3.2 
9 12.82 0.0192 1.4 
Average per cent variation 2.7 
HlV = 5.2, D/X = 16.7, D = 2.5 inches, 2 replications 
1 18.05 x 104 0.0220 1.6 
2 16.99 0.0219 1.1 
3 15.70 0.0222 1.3 
4 14.06 0.0232 3.1 
5 12.77 0.0229 0 
6 12.01 0.0236 0 
7 10.60 0.0250 0 
8 9.72 0.0255 0 
9 7.97 0.0272 1.4 
10 6.91 0.0277 0 
11 5.92 0.0297 0 
12 5.38 0.0320 2.6 
13 4.98 0.0324 5.9 
14 4.56 0.0340 0 
15 4.74 0.0326 3.2 
16 3.92 0.0384 4.0 
17 3.45 0.0398 0 
Average per cent variation 1.4 
T^he per cent variation was based on the head loss in the test sec­
tions and is defined as follows: 
. „. (maximum deviation from average head loss)(100) 
er cen varia ion - Average head loss for all replications 
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Table 6. (Continued) 
Run Reynolds Average Per cent 
number number f value variation3 
/^D = 5. 2, D/X = 11.4, D = 2.5 inches, 2 replications 
1 5.44 x 104 0.0357 0 
2 6.55 0.0347 1.7 
3 7.65 0.0357 6.3 
4 9.20 0.0325 3.8 
5 10.50 0.0312 4.5 
6 11.78 0.0306 1.9 
7 12.92 0.0296 2.7 
8 13.62 0.0301 1.4 
9 14.85 0.0294 2.9 
10 16.20 0.0292 4.1 
11 17.30 0.0292 2.1 
12 18.55 0.0289 2.7 
Average per cent variation 2.8 
ifo = 2. 6, D/X = 31.2, D =2.5 inches, 3 replications 
1 21.08 x 104 0.0208 8.7 
2 18.20 0.0234 4.5 
3 16.83 0.0216 9.3 
4 14.22 0.0216 2.6 
5 12.67 0.0230 3.0 
6 8.23 0.0307 0 
7 6.66 0.0304 0 
8 5.61 0.0309 8.0 
9 5.16 0.0303 8.2 
Average per cent variation 4.9 
i*/D = 5. 2, D/X = 31.2, 0 = 2.5 inches, 2 replications 
1 6.50 x 104 0.0250 4.5 
2 7.62 0.0244 4.9 
3 10.90 0.0205 3.8 
4 11.77 0.0204 2.4 
5 14.23 0.0187 0.6 
6 15.94 0.0187 1.0 
7 17.35 0.0181 2.5 
8 14.92 0.0192 3.2 
9 12.82 0.0192 1.4 
Average per cent variation 2.7 
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Table 6. (Continued) 
Run Reynolds Average Per cent 
number number f value variation3 
JllH = 5.2, D/X = 16.7, D = 2.5 inches, 2 replications 
1 18.05 x 104 0.0220 1.6 
2 16.99 0.0219 1.1 
3 15.70 0.0222 1.3 
4 14.06 0.0232 3.1 
5 12.77 0.0229 0 
6 12.01 0.0236 0 
7 10.60 0.0250 0 
8 9.72 0.0255 0 
9 7.97 0.0272 1.4 
10 6.91 0.0277 0 
11 5.92 0.0297 0 
12 5.38 0.0320 2.6 
13 4.98 0.0324 5.9 
14 4.56 0.0340 0 
15 4.74 0.0326 3.2 
16 3.92 0.0384 4.0 
17 3.45 0.0398 0 
Average per cent variation 1.4 
j^ /D = 5.2, D/X = 11.4, D = 2.5 inches, 2 replications 
1 5.44 x 104 0.0357 0 
2 6.55 0.0347 1.7 
3 7.65 0.0357 6.3 
4 9.20 0.0325 3.8 
5 10.50 0.0312 4.5 
6 11.78 0.0306 1.9 
7 12.92 0.0296 2.7 
8 13.62 0.0301 1.4 
9 14.85 0.0294 2.9 
10 16.20 0.0292 4.1 
11 17.30 0.0292 2.1 
12 18.55 0.0289 2.7 
Average per cent variation 2.8 
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Table 6. (Continued) 
Run Reynolds Average Per cent 
number number f value variation3 
l/D = 2.6, D/X = 31.2, D = 2.5 inches, 3 replications 
1 21.08xl04 0.0208 8.7 
2 18.20 0.0234 4.5 
3 16.83 0.0216 9.3 
4 14.22 0.0216 2.6 
5 12.67 0.0230 3.0 
6 8.23 0.0307 0 
7 6.66 0.0304 0 
8 5.61 0.0309 8.0 
9 5.16 0.0303 8.2 
Average per cent variation 4.9 
l/D = 2.6, D/X = 16.7, D = 2.5 inches, 3 replications 
1 4.60xl04 0.0461 14.9 
2 4.01 0.0496 14.3 
3 8.54 0.0348 9.1 
4 10.38 0.0336 4.2 
5 11.10 0.0325 4.9 
6 11.88 0.0327 3.3 
7 13.28 0.0309 7.0 
8 14.45 0.0303 4.2 
9 15.18 0.0308 1.6 
10 16.35 0.0299 3.9 
11 18.00 0.0301 4.8 
12 19.90 0.0299 2.0 
13 5.58 0.0394 6.5 
14 6.50 0.0378 7.1 
Average per cent variation 5.4 
jg/D = 2.6, D/X = 11.4, D = 2.5 inches, 3 replications 
1 19.28x10 0.0396 3.8 
2 18.63 0.0405 1.9 
3 17.90 0.0411 2.7 
4 17.20 0.0407 1.4 
5 16.48 0.0427 1.9 
6 16.02 0.0428 2.9 
7 15.72 0.0426 2.8 
8 14.95 0.0433 7.9 
9 14.22 0.0437 2.2 
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Table 6. (Continued) 
Run Reynolds Average Per c< 
number number f value variat; 
10 13.82 0.0441 4.3 
11 13.28 0.0428 2.6 
12 12.93 0.0408 2.3 
13 11.98 0.0491 3.1 
14 11.38 0.0445 4.6 
15 10.79 0.0452 2.4 
16 10.13 0.0470 3.3 
17 9.60 0.0453 2.4 
18 9.08 0.0464 1.8 
19 8.47 0.0467 4.9 
20 7.95 0.0464 2.3 
21 7.36 0.0465 3.8 
22 6.70 0.0466 6.0 
23 5.93 0.0500 11.1 
24 5.51 0.0496 4.5 
25 4.98 0.0482 5.5 
26 4.50 0.0524 9.1 
27 3.79 0.0572 8.0 
28 3.21 0.0533 0 
Average per cent variation 3.9 
J0/D = 2.6, D/X = 11.4, D = 2.5 inches, 3 replications 
1 18.00xl04 0.0368 6.2 
2 17.57 0.0379 3.6 
3 17.26 0.0376 6.6 
4 16.33 0.0384 6.5 
5 15.71 0.0381 3.0 
6 15.30 0.0386 3.2 
7 14.50 0.0394 2.5 
8 14.27 0.0384 3.6 
9 13.71 0.0392 2.9 
10 13.20 0.0397 4.0 
11 12.60 0.0403 2.1 
12 11.98 0.0421 6.4 
13 11.42 0.0408 3.9 
14 10.98 0.0407 2.1 
15 10.43 0.0406 3.1 
16 9.81 0.0407 3.5 
17 9.25 0.0429 4.8 
18 8.59 0.0454 6.2 
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Table 6. (Continued) 
Run Reynolds Average Per cent 
number number f value variation3 
19 8.01 0.0441 7.4 
20 7.40 0.0435 8.7 
21 6.66 0.0468 0 
22 6.16 0.0452 4.2 
23 5.36 0.0453 5.5 
24 4.92 0.0430 12.6 
25 4.56 0.0465 14.4 
26 4.12 0.0479 0 
27 3.83 0.0486 0 
Average per cent variation 4.7 
£/D = 1.3, D/X = 31.2, D = 2.5 inches, 3 replications 
1 16.98xl04 0.0273 6.4 
2 16.42 0.0279 4.1 
3 15.76 0.0284 4.4 
4 15.28 0.0284 6.1 
5 15.05 0.0276 4.9 
6 14.59 0.0283 4.3 
7 13.97 0.0290 2.7 
8 13.70 0.0280 5.0 
9 13.16 0.0290 6.1 
10 12.53 0.0291 5.6 
11 12.13 0.0297 3.4 
12 11.60 0.0309 2.6 
13 11.19 0.0293 7.0 
14 10.59 0.0318 3.0 
15 10.19 0.0307 4.8 
16 9.58 0.0308 3.7 
17 9.03 0.0322 4.0 
18 8.36 0.0363 4.3 
19 7.85 0.0369 4.8 
20 7.41 0.0356 5.5 
21 6.79 0.0365 0 
22 " 6.24 0.0386 0 
23 5.67 0.0392 8.4 
Average per cent variation 4.8 
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Table 6. (Continued) 
Run Reynolds Average Per cent 
number number £ value variation3 
J£/D = 1.3, D/X = 16.7, D = 2.5 inches, 3 replications 
1 17.18x10 0.0406 7.8 
2 16.62 0.0408 7.6 
3 15.18 0.0415 4.5 
4 15.63 0.0422 8.3 
5 15.27 0.0417 6.7 
6 14.64 0.0424 7.3 
7 13.99 0.0431 7.7 
8 13.55 0.0430 6.1 
9 13.15 0.0422 6.0 
10 12.78 0.0421 5.4 
11 12.29 0.0443 6.5 
12 11.73 0.0449 7.0 
13 11.23 0.0452 7.6 
14 10.70 0.0462 8.3 
15 10.10 0.0460 6.9 
16 9.62 0.0459 6.7 
17 9.07 0.0472 8.3 
18 8.40 0.0509 9.1 
19 7.90 0.0497 10.5 
20 7.34 0.0497 7.8 
21 6.82 0.0483 7.1 
22 6.44 0.0499 7.7 
23 5.81 0.0531 6.2 
24 5.37 0.0517 7.5 
25 4.80 0.0525 9.1 
26 4.54 0.0502 10.4 
27 4.08 0.0513 12.3 
Average per cent variation 7.7 
l/D = 1.3, D/X = 16.7, D = 2.5 inches, 2 replications 
1 15.90xl04 0.0411 3.1 
2 14.69 0.0406 0.6 
3 13.80 0.0416 0 
4 13.02 0.0408 1.5 
5 12.06 0.0413 2.7 
6 11.03 0.0407 2.1 
7 9.90 0.0444 1.3 
8 9.10 0.0433 0 
9 8.45 0.0430 0 
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Table 6. (Continued) 
Run Reynolds Average Per cent 
number number f-value variation3 
10 7.57 0.0463 0 
11 6.90 0.0448 0 
12 5.90 0.0480 0 
13 5.27 0.0455 0 
14 4.49 0.0517 2.6 
Average per cent variation 0.9S 
i/D = 1.3, D/X = 11.4, D = 2.5 inches, 3 replications 
1 17.29xl04 0.0569 2.8 
2 16.67 0.0574 4.4 
3 16.22 0.0569 3.6 
4 16.03 0.0570 4.9 
5 15.51 0.0552 4.2 
6 14.99 0.0567 4.5 
7 15.52 0.0563 4.4 
8 14.01 0.0557 6.4 
9 13.49 0.0583 3.3 
10 12.99 0.0572 4.1 
11 12.47 0.0588 5.1 
12 11.96 0.0596 4.1 
13 11.48 0.0593 4.4 
14 10.98 0.0595 1.7 
15 10.51 0.0592 3.4 
16 10.18 0.0575 2.0 
17 9.55 0.0604 4.1 
18 9.20 0.0598 2.4 
19 8.66 0.0613 4.9 
20 8.21 0.0617 4.2 
21 7.65 0.0646 3.3 
22 7.24 0.0635 3.6 
23 6.79 0.0653 4.0 
24 6.44 0.0680 4.3 
25 5.65 0.0729 4.9 
26 5.46 0.0708 5.7 
27 4.93 0.0708 0 
28 4.50 0.0760 0 
29 4.13 0.0677 0 
Average per cent variation 3.6 
Table 6. (Continued) 
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Run Reynolds Average Per cent 
number number f value variation3 
£/D = 5.2, D/X = 16.7, D = 1.5 inches, 2 replications 
1 6.33xl04 0.0308 2.8 
2 10.50 0.0248 2.4 
3 ~ 12.08 0.0238 4.0 
4 13.90 0.0234 3.8 
5 16.88 0.0230 3.7 
6 19.52 0.0178 3.6 
7 15.06 0.0239 2.1 
8 13.69 0.0235 2.1 
9 17.43 0.0219 3.3 
10 19.96 0.0216 4.3 
11 21.10 0.0212 4.6 
12 22.85 0.0204 2.5 
13 25.22 0.0200 4.6 
14 8.23 0.0285 1.8 
15 5.25 0.0352 0 
16 3.99 0.0406 0__ 
Average per cent variation 2.9 
l/D = 5.2, D/X = 11.4, D = 1.5 inches, 2 replications 
1 19.88xl04 0.0307 2.3 
2 18.30 0.0309 1.9 
3 17.05 0.0324 2.0 
4 16.48 0.0320 1.6 
5 15.8 2 0.03 20 2.4 
6 15.05 0.0325 2.3 
7 13.66 0.0340 2.1 
8 12.30 0.0336 2.2 
9 11.14 0.0350 2.8 
10 9.98 0.0362 2.8 
11 9.32 0.0360 1.6 
12 7.82 0.0378 2.2 
13 6.65 0.0410 1.8 
14 5.98 0.0414 2.1 
15 5.07 0.0464 2.7 
16 4.81 0.0407 0 
17 4.24 0.0407 8^ 7 
Average per cent variation 2.4 
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Table 6. (Continued) 
Run Reynolds Average Per cent 
number number f value variation3 
j^ /D =5.2, D/X = 6.8, D = 1.5 inches, 2 replications 
1 20.10x10 0.0489 0.6 
2 20.40 0.0506 0.5 
3 19.45 0.0507 0.2 
4 19.10 0.0495 0.7 
5 18.28 0.0507 0.6 
6 17.40 0.0518 0.7 
7 17.00 0.0515 0.5 
8 16.25 0.0511 0.5 
9 15.40 0.0513 0.7 
10 13.80 0.0521 0.3 
11 12.48 0.0527 0.4 
12 11.20 0.0542 0.1 
13 10.22 0.0555 0.3 
14 8.95 0.0571 0.4 
15 8.54 0.0520 0.8 
16 7.68 0.0542 0.6 
17 6.83 0.0592 0 
18 6.62 0.0571 0.8 
19 6.08 0.0579 0.5 
20 5.44 0.0575 0.1 
21 4.14 0.0576 1.0 
22 4.78 0.0643 2.0 
23 4.14 0.0600 1.0 
Average per cent variation 0.5 
J2lD = 3.9, D/X = 16.7, D = 1.5 inches, 2 replications 
1 26.82 x 104 0.0265 3.0 
2 26.25 0.0263 2.9 
3 25.42 0.0271 2.6 
4 24.55 0.0269 3.1 
5 23.88 0.0269 2.6 
6 22.68 0.0275 2.7 
7 21.68 0.0281 2.5 
8 20.22 0.0293 3.2 
9 17.51 0.0292 1.5 
10 18.20 0.0294 2.9 
11 16.78 0.0292 1.4 
12 15.58 0.0306 2.2 
13 14.12 0.0309 2.6 
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Table 6. (Continued) 
Run Reynolds Average Per cent 
number number f value variation3 
14 13.12 0.0315 2.5 
15 12.37 0.0321 2.7 
16 11.49 0.0329 1.0 
17 10.96 0.0325 1.1 
18 10.51 0.0324 0.4 
19 9.54 0.0354 0.9 
20 8.98 0.0309 1.2 
21 7.86 0.0342 0.7 
22 7.35 0.0328 0.8 
23 6.46 0.0366 1.0 
24 5.70 0.0380 3.6 
25 5.04 0.0374 0 
26 4.71 0.0346 3.8 
27 4.38 0.0333 2.3 
28 3.83 0.0385 5.3 
29 3.51 0.0397 9.1 
Average per cent variation 2.4 
l/D = 3.9, D/X = 11.4, D = 1.5 inches, 2 replications 
1 26.47xl04 0.0297 2.3 
2 25.27 0.0315 3.6 
3 24.25 0.0310 1.7 
4 23.24 0.0313 2.2 
5 22.33 0.0318 2.5 
6 21.33 0.0321 3.3 
7 20.21 0.0331 3.0 
8 19.41 0.0333 1.5 
9 18.70 0.0333 1.7 
10 17.48 0.0334 4.3 
11 16.17 0.0348 4.8 
12 15.15 0.0348 3.8 
13 14.15 0.0352 4.3 
14 12.64 0.0373 6.6 
15 11.32 0.0371 5.8 
16 10.40 0.0389 6.0 
17 9.70 0.0404 5.6 
18 8.79 0.0402 5.7 
19 8.08 0.0401 5.8 
20 7.07 0.0421 6.6 
21 6.16 0.0435 3.8 
22 5.46 0.0440 3.8 
Table 6. (Continued) 
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Run Reynolds Average Per cent 
number number f value variation3 
23 4.85 0.0439 2.4 
24 4.34 0.0423 4.8 
25 3.94 0.0503 6.4 
26 3.63 0.0489 5.9 
27 3.24 0.0456 0 
Average per cent variation 3.6 
J0/D = 3.9, D/X = 6.8, D = 1.5 inches, 2 replications 
1 22.20xl04 0.0522 0.4 
2 21.20 0.0529 1.5 
3 20.28 0.0542 2.0 
4 19.89 0.0541 1.8 
5 19.30 0.0541 2.1 
6 18.60 0.0552 2.2 
7 17.92 0.0553 2.4 
8 17.43 0.0554 2.3 
9 16.65 0.0569 2.5 
10 16.07 0.0573 2.3 
11 15.47 0.0579 2.4 
12 14.79 0.0588 2.4 
13 14.30 0.0578 3.2 
14 13.61 0.0583 3.6 
15 13.01 0.0605 7.0 
16 12.52 0.0603 3.9 
17 12.03 0.0591 3.1 
18 11.42 0.0587 4.4 
19 10.83 0.0591 2.6 
20 10.06 0.0605 2.0 
21 9.46 0.0624 2.8 
22 8.78 0.0648 2.4 
23 8.39 0.0642 1.3 
24 7.69 0.0666 2.8 
25 7.30 0.0662 1.7 
26 6.80 0.0693 2.3 
27 6.51 0.0644 1.3 
28 5.83 0.0697 1.0 
29 5.22 0.0713 1.2 
30 4.53 0.0767 0.8 
31 4.24 0.0619 7.5 
Average per cent variation 2.5 
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Table 6. (Continued) 
Run Reynolds Average Per cent 
number number f value variation3 
>^ /D = 3.9, D/X = 6.8, D = 1.5 inches, 2 replications 
1 18.22xl04 0.0710 6.2 
2 17.01 0.0743 6.3 
3 16.01 0.0752 5.9 
4 15.31 0.0738 6.0 
5 14.32 0.0755 4.9 
6 13.76 0.0750 6.4 
7 12.92 0.0756 5.8 
8 11.74 0.0791 5.4 
9 11.27 0.0778 5.0 
10 10.36 0.0761 4.6 
11 9.85 0.0501 1.3 
12 9.14 0.0481 0.8 
13 8.06 0.0492 0.3 
14 6.83 0.0566 0.4 
15 5.87 0.0570 0 
16 4.74 0.0586 0.8 
17 15.92 0.0454 0.5 
18 4.08 0.0590 3.2 
19 3.32 0.0517 7.7 
Average per cent variation 1.4 
j2fù = 3.9, D/X = 6.8, D = 1.5 inches, 2 replications 
1 18.22xl04 0.0710 6.2 
2 17.01 0.0743 6.3 
3 16.01 0.0752 5.9 
4 15.31 0.0738 6.0 
5 14.32 0.0755 4.9 
6 13.76 0.0750 6.4 
7 12.92 0.0756 5.8 
8 11.74 0.0791 5.4 
9 11.27 0.0778 5.0 
10 10.36 0.0761 4.6 
11 9.28 0.0797 5.0 
12 8.45 0.0813 5.2 
13 7.62 0.0828 5.1 
14 7.04 0.0858 5.1 
15 6.29 0.0794 5.3 
16 5.30 0.0808 4.8 
17 4.55 0.0826 4.9 
18 3.89 0.0840 5.3 
19 2.90 0.1114 4.5 
Average per cent variation 5.3 
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Table 6. (Continued) 
Run Reynolds Average Per cent 
number number f value variation3 
jf/D = 3.9, D/X = 6.8, D = 1.5 inches, 2 replications 
1 18.85xl04 0.0594 7.3 
2 17.85 0.0586 7.6 
3 16.85 0.0581 7.8 
4 15.65 0.0598 7.6 
5 13.99 0.0621 7.6 
6 11.62 0.0610 6.4 
7 10.10 0.0654 7.0 
8 8.67 0.0676 5.6 
9 6.90 0.0720 4.3 
10 4.20 0.0694 7.0 
11 12.03 0.0600 8.9 
Average per cent variation 7.0 
I&Ti = 3.9, D/X = 6.8, D = 1.5 inches, 2 replications 
1 17.87xl04 0.0655 4.5 
2 16.91 0.0663 4.8 
3 16.10 0.0663 4.8 
4 15.38 0.0666 4.8 
5 14.65 0.0675 4.8 
6 13.93 0.0689 4.9 
7 12.88 0.0687 4.7 
8 11.99 0.0702 4.6 
9 11.43 0.0718 4.2 
10 10.47 0,0713 4.3 
11 9.74 0.0717 4.0 
12 9.10 0.0710 5.1 
13 8 . 21 0.0739 4 .6 
14 7.57 0.0724 6.3 
15 6.77 0.0737 4.7 
16 6.12 0.0714 2.6 
17 5.16 0.0750 4.8 
18 4.51 0.0757 4.7 
19 3.46 0.0771 6.0 
20 2.82 0.0770 3.9 
Average per cent variation 4.6 
Table 6. (Continued) 
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Run Reynolds Average Per cent 
number number f value variation3 
JP/D = 3.9, D/X = 6.8, D = 1.5 inches, 2 replications 
1 22.20x10 0.0513 7.2 
2 20.82 0.0533 8.0 
3 19.60 0.0536 7.8 
4 18.17 0.0539 8.1 
5 16.72 0.0566 8.0 
6 15.50 0.0573 8.3 
7 14.62 0.0577 8.2 
8 13.58 0.0605 7.4 
9 12.48 0.0599 8.0 
10 11.66 0.0630 6.9 
11 11.18 0.0586 8.5 
12 9.85 0.0641 8.2 
13 8.80 0.0625 8.3 
14 8.03 0.0651 8.7 
15 6.87 0.0652 7.9 
16 5.92 0.0693 7.3 
17 5.07 0.0655 6.0 
18 4.10 0.0651 6.9 
19 3.34 0.0688 8.6 
20 2.30 0.0765 5.6 
Average per cent variation 7.7 
Jlïù = 2.6, D/X = 16.7, D = 1.5 inches, 2 replications 
1 27.94xl04 0.0313 2.1 
2 27.01 0.0316 1.6 
3 26.08 0.0316 0.8 
4 24.84 0.0318 0.4 
5 23.08 0.0335 0.3 
6 22.25 0.0333 0.6 
7 21.12 0.0347 0.1 
8 20.50 0.0339 2.7 
9 19.56 0.0341 4.3 
10 18.43 0.0350 1.9 
11 17.49 0.0350 1.7 
12 16.76 0.0356 1.8 
13 15.52 0.0366 1.6 
14 14.49 0.0365 1.8 
15 13.46 0.0382 2.3 
16 13.04 0.0366 1.9 
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Table 6. (Continued) 
Run Reynolds Average Per cent 
number number £ value variation3 
17 11.80 0.0386 1.9 
18 10.77 0.0388 2.2 
19 9.93 0.0387 2.1 
20 8.90 0.0405 1.9 
21 8.38 0.0396 0.7 
22 7.45 0.0435 1.6 
23 7.14 0.0407 1.0 
24 6.41 0.0416 1.2 
25 5.79 0.0419 2.9 
26 5.28 0.0432 0 
27 4.96 0.0441 3.7 
28 4.56 0.0445 4.3 
Average per cent variation 1.8 
//D = 2.6, D/X = 11.4, D = 1.5 inches, 2 replications 
1 24.18x104 0.0354 1.7 
2 23.53 0.0346 0.9 
3 22.79 0.0346 0.8 
4 22.10 0.0350 0.9 
5 21.41 0.0345 0.5 
6 20.78 0.0346 0.5 
7 20.10 0.0349 0.1 
8 19.35 0.0352 0.3 
9 18.49 0.0364 0 
10 17.72 0.0364 0.6 
11 16.98 0.0367 0.2 
12 16.21 0.0366 0.5 
13 15.38 0.0376 0.4 
14 14.89 0.0372 0 
15 14.21 0.0387 0.4 
16 13.48 0.0391 0.5 
17 13.08 0.0374 0 
18 12.51 0.0385 0 
19 11.55 0.0398 0.6 
20 11.10 0.0396 0 
21 10.61 0.0384 0 
22 9.77 0.0415 0 
23 9.20 0.0416 0.5 
24 8.73 0.0416 1.1 
25 8.15 0.0415 0.6 
26 7.49 0.0429 0.7 
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Table 6. (Continued) 
Run Reynolds Average Per cent 
number number f value variation3 
27 6.74 0.0432 0 
28 5.97 0.0463 0 
29 5.30 0.0469 0 
30 4.74 0.0452 0 
Average per cent variation 0.4 
JS./'Ù = 2.6, D/X = 11.4, D = 1.5 inches, 2 replications 
1 24.15xl04 0.0340 2.8 
2 23.68 0.0349 5.1 
3 22.95 0.0354 6.3 
4 22.20 0.0361 6.2 
5 21.43 0.0364 6.1 
6 21.00 0.0353 5.9 
7 20.23 0.0361 6.7 
8 19.80 0.0366 6.7 
9 19.37 0.0362 6.7 
10 18.70 0.0367 6.7 
11 17.96 0.0376 6.4 
12 17.13 0.0378 6.5 
13 16.40 0.0379 6.5 
14 15.67 0.0383 6.7 
15 14.92 0.0380 8.8 
Average per cent variation 6.3 
£ II 2.6, D/X = 11.4, D = 1.5 inches, 2 replications 
1 24.40x104 0.0324 4.0 
2 23.25 0.0352 4.0 
3 21.78 0.0361 4.1 
4 21.03 0.0360 4.5 
5 19.43 0.0368 4.3 
6 18.79 0.0364 4.3 
7 18.13 0.0366 4.9 
8 16.71 0.0375 4.7 
9 15.70 0.0382 4.9 
10 14.97 0.0380 3.5 
11 14.02 0.0392 4.1 
12 13.18 0.0380 3.7 
13 12.32 0.0393 4.7 
14 11.60 0.0393 4.3 
15 10.92 0.0380 2.5 
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Table 6. (Continued) 
Run Reynolds Average Per cent 
number number f value variation3 
16 9.71 0.0411 3.3 
17 8.96 0.0412 4.0 
18 8.31 0.0420 4.0 
19 7.48 0.0425 2.1 
20 6.91 0.0431 3.2 
21 6.26 0.0421 3.0 
22 5.23 0.0469 2.6 
Average per cent variation 3.4 
JllH = 2.6, D/X = 11.4, D = 1.5 inches, 2 replications 
1 24.22xl04 0.0344 2.8 
2 22.20 0.0353 2.9 
3 20.70 0.0353 2.8 
4 19.02 0,0355 2.6 
5 17.32 0.0373 3.1 
6 15.81 0.0383 3.2 
7 14.50 0.0386 2.2 
8 13.19 0.0387 2.6 
9 11.97 0.0401 2.5 
10 11.30 0.0400 2.2 
11 10.38 0.0409 3.3 
12 9.41 0.0415 2.2 
13 8.66 0.0410 0.5 
14 7.54 0.0431 0.7 
15 6.76 0.0437 0.8 
16 5.55 0.0458 3.4 
Average per cent variation 2.4 
D^ = 2.6, D/X = 6.8, D = 1.5 inches, 2 replications 
1 24.38xl04 0.0751 0.5 
2 23.45 0.0748 0.4 
3 21.73 0.0764 0.4 
4 21.43 0.0762 1.5 
5 21.22 0.0772 0.6 
6 20.50 0.0774 0.8 
7 19.50 0.0793 0.6 
8 18.89 0.0793 0.1 
9 18.29 0.0795 0.4 
10 17.38 0.0788 0.6 
11 16.36 0.0805 0.7 
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Table 6. (Continued) 
Run Reynolds Average Per cent 
number number f value variation3 
12 15.43 0.0818 0.5 
13 14.52 0.0834 0.1 
14 14.02 0.0809 0.2 
15 13.50 0.0816 0.5 
16 12.70 0.0830 0.3 
17 12.10 0.0834 1.0 
18 11.38 0.0820 0.4 
19 10.78 0.0796 1.3 
20 9.75 0.0845 0.7 
21 9.04 0.0881 0.5 
22 8.43 0.0900 0 
23 7.71 0.0918 0.7 
24 7.41 0.0905 1.2 
25 6.80 0.0861 0 
26 6.30 0.0849 1.7 
27 5.69 0.0846 2.1 
28 4.77 0.0940 6.3 
Average per cent variation 0.9 
/^D = 1.3, D/X = 16.7, D = 1.5 inches, 2 replications 
1 25.00xl04 0.0401 3.9 
2 24.20 0.0410 3.9 
3 23.25 0.0399 3.8 
4 22.10 0.0400 2.7 
5 20.95 0.0431 9.1 
6 18.75 0.0449 8.2 
7 15.98 0.0460 9.4 
8 13.94 0.0486 8.2 
9 12.03 0.0490 4.4 
10 9.64 0.0509 5.8 
11 7.71 0.0493 1.6 
12 6.45 0.0523 2.1 
13 5.40 0.0569 0 
14 4.82 0.0562 3.6 
Average per cent variation 4.8 
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Table 6. (Continued) 
Run Reynolds Average Per cent 
number number f value variation3 
£/"Q = 1.3, D/X = 16.7, D = 1.5 inches, 2 replications 
1 24.10x10 0.0411 3.2 
2 22.40 0.0423 3.0 
3 21.00 0.0413 1.4 
4 19.60 0.0434 0.5 
5 18.18 0.0426 1.9 
6 16.72 0.0436 1.8 
7 15.50 0.0458 2.6 
8 14.72 0.0441 1.9 
9 13.59 0.0442 0.5 
10 12.52 0.0464 0.9 
11 11.47 0.0466 1.4 
12 10.70 0.0478 1.2 
13 9.55 0.0488 1.5 
14 8.50 0.0500 0 
15 7.07 0.0549 1.7 
16 6.40 0.0507 1.1 
17 5.35 0.0521 1.5 
18 4.10 0.0565 0 
Average per cent variation 1.5 
//D = 1.3, D/X = 11.4, D = 1.5 inches, 2 replications 
1 21.15xl04 0.0645 3.3 
2 19.62 0.0651 3.5 
3 18.75 0.0657 2.4 
4 17.52 0.0670 2.6 
5 16.58 0.0677 2.5 
6 15.26 0.0688 2.9 
7 13.85 0.0695 3.0 
8 12.71 0.0720 1.9 
9 11.03 0.0744 1.9 
10 10.15 0.0725 1.8 
11 8.76 0.0789 1.9 
12 7.96 0.0770 1.5 
13 7.18 0.0775 2.3 
14 6.13 0.0838 1.8 
15 5.60 0.0855 7.1 
16 5.09 0.0788 0.7 
17 4.03 0.0865 0 
18 3.68 0.0880 1.6 
19 3.42 0.0922 3.6 
Average per cent variation 2.4 
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Table 6. (Continued) 
Run Reynolds Average Per cent 
number number f value variation3 
HlXi - 1.3, D/X = 11.4, D = 1.5 inches, 2 replications 
1 27.90x10 0.0584 1.9 
2 24.35 0.0591 1.6 
3 22.45 0.0606 1.5 
4 20.70 0.0627 1.7 
5 19.58 0.0624 2.0 
6 18.14 0.0624 1.3 
7 17.18 0.0628 1.0 
8 15.85 0.0646 0 
9 14.78 0.0664 1.4 
10 13.83 0.0664 1.6 
11 10.20 0.0649 1.6 
12 9.60 0.0673 1.3 
13 9.00 0.0688 1.7 
14 8.57 0.0680 1.6 
15 7.75 0.0730 1.2 
16 7.39 0.0688 1.8 
17 6.80 0.0733 0.8 
18 6.29 0.0746 1.8 
19 5.46 0.0733 0.6 
20 4.72 0.0757 1.6 
21 4.14 0.0779 0 
22 3.69 0.0765 2.6 
23 3.17 0.0700 3.8 
Average per cent variation 1.5 
//D = 1.3, D/X = 6.8. D = 1.5 inches, 2 replications 
1 18.49xl04 0.1211 0.4 
2 17.71 0.1211 0.4 
3 16.40 0.1241 0 
4 15.73 0.1233 0 
5 14.87 0.1233 0.2 
6 13.83 0.1280 0 
7 13.17 0.1277 0 
8 12.03 0.1276 0.8 
9 10.49 0.1308 0.4 
10 9.27 0.1375 0.5 
11 8.85 0.1320 0.4 
12 8.33 0.1364 0.6 
13 7.65 0.1330 0.2 
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Table 6. (Continued) 
Run Reynolds Average Per cent 
number number f value variation3 
14 6.95 0.1368 0.3 
15 6.36 0.1313 0.3 
16 5.75 0.1314 0.4 
17 5.24 0.1440 0.5 
18 5.32 0.1345 0 
19 4.98 0.1411 0.5 
20 4.39 0.1435 1.3 
21 4.04 0.1395 0.8 
22 3.78 0.1356 0.9 
Average per cent variation 0.4 
y^ /D = 1.3, D/X = 11.4, D = 1.5 inches, S = 0.02, 2 replications 
4 
1 16.47x10 0.0664 7.2 
2 15.47 0.0652 6.6 
3 14.71 0.0659 7.1 
4 13.87 0.0660 6.7 
5 13.10 0.0686 6.6 
6 12.41 0.0698 6.7 
7 11.50 0.0680 6.0 
8 10.80 0.0698 4.1 
9 9.73 0.0698 6.4 
10 9.12 0.0709 5.7 
11 8.59 0.0712 5.7 
12 8.35 0.0704 7.5 
13 7.66 0.0742 4.5 
14 6.97 0.0768 4.1 
15 6.28 0.0771 5.5 
16 5.67 0.0747 5.2 
17 4.98 0.0764 5.0 
18 4.29 0.0780 6.0 
19 3.60 0.0787 5.7 
20 2.68 0.0912 3.4 
Average per cent variation 5.8 
//D = 1.3, D/X = 11.4, 0 = 1.5 inches, S = 0.04, 2 replications 
1 18.17xl04 0.0661 2.3 
2 17.43 0.0669 2.5 
3 16.71 0.0670 2.2 
4 15.89 0.0674 2.4 
5 15.16 0.0676 2.2 
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Table 6. (Continued) 
Run Reynolds Average Per cent 
number number f value variation3 
6 14.03 0.0708 3.9 
7 13.54 0.0670 1.9 
8 12.33 0.0701 1.5 
9 11.59 0.0705 1.0 
10 10.79 0.0705 0.8 
11 9.89 0.0710 0.5 
12 9.16 0.0732 0.5 
13 8.52 0.0746 1.2 
14 7.95 0.0751 0 
15 7.21 0.0745 1.5 
16 6.49 0.0742 1.7 
17 5.84 0.0775 0.9 
18 5.19 0.0811 0.4 
19 4.54 0.0818 0.5 
20 3.81 0.0777 
Average per cent variation 
0.7 
1.4 
j^ /D = 1.3, D/X = 11.4, D = 1.5 inches, S = 0.06, 2 replications 
1 18.90X104 0.0645 0.4 
2 17.99 0.0645 0.7 
3 17.07 0.0665 0.5 
4 16.22 0.0663 0.1 
5 15.21 0.0679 0.7 
6 14.53 0.0680 0.8 
7 13.60 0.0690 0.8 
8 12.83 0.0684 1.0 
9 12.00 0.0705 1.0 
10 11.08 0.0716 0.9 
11 10.22 0.0717 1.1 
12 9.38 0.0720 0.3 
13 8.27 0.0736 1.4 
14 7.60 0.0771 1.4 
15 6.92 0.0716 1.0 
16 6.07 0.0754 1.6 
17 5.41 0.0769 1.6 
18 4.48 0.0824 1.6 
19 3.89 0.0811 1.4 
20 2.95 0.0769 
Average per cent variation 
0 
0.9 
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APPENDIX B 
139 
Table 7. Results of 1957 test on line A 
Relative 
elev. Relative elevation of piezometric surface 
bottom for given run number, ft. 
Piez. of tile, 
Station no. ft. 1 2 3 4 
0 + 20 1 95.43 99.16 98.73 97.07 97.02 
1 + 33 2 95.05 96.24 96.16 95.68 95.67 
1 + 7 5  3 94.73 95.41 95.37 94.92 94.92 
2 + 56 4 93.14 94.00 94.04 93.55 93.55 
3 + 36 5 91.56 92.55 92.57 92.45 92.43 
3 + 70 6 91.04 92.48 92.55 92.25 92.22 
4 + 39 7 90.86 91.51 91.50 91.49 91.49 
Q entering, cfs 0.51 0.45 0.31 0.30 
Table 8. Results of 1958 tests on line A 
Relative 
elev. Relative elevation of piezometric surface 
bottom for given run number, ft. 
Station 
Piez. 
no. 
of tile, 
ft. 1 2 3 4 5 6 
0 + 2 0  1 95.43 96.48 96.90 97.76 96.98 99.11 99.46 
1 + 33 2 95.05 95.60 95.68 95.93 95.70 96.53 96.75 
1 + 75 3 94.73 94.86 94.91 95.19 94.92 95.72 95.89 
2 + 56 4 93.14 93.38 93.49 93.98 93.57 94.34 94.47 
3 + 36 5 91.56 92.19 92.52 92.90 92.63 93.12 93.20 
3 + 70 6 91.04 91.84 92.02 92.24 92,10 92.37 92.47 
4 + 39 7 90.86 91.43 91.47 91.52 91.48 91.57 91.57 
Q entering, cfs 0.22 0.26 0.34 0.28 0.44 0.46 
Q discharging, cfs 0.22 0.25 0.29 0.27 0.30 0.31 
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Table 9. Results of 1957 tests on line B 
Relative 
elev. Relative elevation of piezometric surface 
bottom for given run number, ft. 
Piez. of tile, 
Station no. ft. 1 2 3 4 
2 + 2 0  1 91.45 94.26 94.31 94.27 94.22 
3 + 41 2 90.59 91.04 91.04 91.03 90.99 
3 + 76 3 87.34 87.37 87.39 87.39 87.39 
4 + 36 4 78.27 78.24 78.17 78.13 78.16 
4 + 99 5 68.69 68.69 68.69 68.69 68.69 
5 + 23 6 67.04 68.18 68.56* 68.67* 68.00 
6 + 18 7 66.95 67.36 67.42* 67.38* 67.39 
Q entering cfs 0.68 0.57 0.48 0.41 
*0utlet slightly submerged. 
Table 10. Results of 1958 tests on line B 
Relative 
elev. Relative elevation of piezometric surface 
bottom for given run number, ft. 
Piez. of tile, 
Station no. f t .  1 2 3 4 5 6 
2 + 2 0  1 91.45 93.66 94.33 92.42 92.34 94.66 94.96 
3 + 41 2 90.59 91.05 91.09 90.98 90.98 91.11 91.14 
3 + 76 3 87.34 87.40 87.40 87.39 87.39 87.40 87.40 
4 + 36 4 78.27 78.23 78.29 78.18 78.18 78.15 78.13 
4 + 9 9  5 68.69 68.83 68.82 68.66 68.64 69.48 69.53 
5 + 23 6 67.04 68.15 68.06 67.56 67.53 68.32 68.40 
6 + 18 7 66.95 67.40 67.41 67.31 67.29 67.40 67.44 
Q entering, cfs 0.27 0.29 0.14 0.13 0.37 0.42 
Q discharging, cfs  0.21 0.23 0.14 0.13 0.27 0.29 
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Table 11. Results of 1957 tests on line C 
Relative 
elev. Relative elevation of piezometric surface 
bottom for given run number, ft. 
Piez. of tile, 
Station no. ft. 
0 + 2 0  1 93.46 98.57 98.16 97.75 96.10 95.78 
1 + 34 2 92.26 93.44 93.66 93.25 93.09 92.74 
1 + 76 3 90.13 a — — — — — — — — — — — — 
2 + 56 4 82.13 82.54 82.53 82.60 82.53 82.43 
3 + 4 4  5 73.73 75.60 75.70 75.41 74.74 74.66 
3 + 8 1  6 71.72 74.30 74.20 73.90 73.20 73.03 
4 + 9 1  7 69.53 70.83 70.83 70.83 70.83 70.76 
Q entering, cfs 0.99 0.96 0.79 0.49 0.43 
aNot observable because of piezometer elevation. 
^Leakage into well; figure is water level in well. 
Table 12. Results of 1958 tests on line C 
Relative 
elev. Relative elevation of piezometric surface 
bottom for given run number, ft. 
Piez. of tile, 
Station no. ft. 1 2 3 4 5 6 
0 + 20 1 93.46 94.55 94.75 95.62 95.65 96.61 96.66 
1 + 34 2 9 2.26 92.81 92.83 92.91 92.79 93.16 93.14 
1 + 76 3 90.13 a - - — --- - - - -  -  - - - -
2 + 56 4 82.13 82.32 82.33 82.40 82.40 82.62 82.70 
3 + 4 4  5 73.73 74.15 74.19 74.39 74.37 74.90 74.94 
3 + 8 1  6 71.72 72.31 72.39 72.69 72.73 73.36 73.42 
4 + 91 7 70.40 70.73 70.74 70.83 70.82 71.03 71.00 
Q entering, cfs 0.31 0.32 0.39 0.37 0.46 0.44 
Q discharging, cfs 0.28 0.31 0.34 0.33 0.39 0.38 
aNot observable because of piezometer elevation. 
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Table 13. Results of 1957 test on line D 
Relative 
elev. Relative elevation of piezometric surface 
bottom for given run number, ft. 
Piez. of tile, 
Station no. ft. 1 2 3 4 
0 + 20 1 93.40 94.93 94.79 94.28 93.82 
1 + 22 2 92.12 92.94 92.77 92.32 91.97 
1 + 65 3 90.21 90.41 90.33 90.21A 90.lla 
2 + 4 4  4 82.47 82.64 82.57 82.57 82.54 
3 + 33 5 73.51 74.41 74.49 75.43 75.00 
3 + 76 6 71.71 72.03 72.03 73.02 73.21 
4 + 83 7 70.09 70.59 70.62 72.97% 72.90B 
Q entering ;, cfs 1.06 00.91 0.73 0.56 
*Not full flow. 
^Outlet submerged. 
Table 14. Results of 1958 test on line D 
Relative 
elev. Relative elevation of piezometric surface 
bottom for given run number, ft. 
Piez. of tile, 
Station no. ft. 1 2 3 4 
0 + 20 1 93.40 94.60 95.05 95.19 95.41 
1 + 22 2 92.12 92.97 93.18 93.31 93.45 
1 + 65 3 90.21 90.34 90.29 90.36 90.27 
2 + 44 4 82.47 82.64 82.69 82.71 82.76 
3 + 33 5 73.51 74.72 74.80 74.78 74.83 
3 + 76 6 71.71 72.55 72.58 72.51 72.53 
4 + 8 3  7 70.09 70.60 70.83 70.82 70.83 
Q entering, cfs 0.78 0.83 0.85 0.87 
Figure 32. Details of large observation well 
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Figure 33. Details of small observation well 
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Figure 34. Details of experimental line construction 
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Figure 35. Schematic drawing of flow control system 
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Figure 36. Calibration of orifice meter 
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Figure 37. Calibration of V-weir 
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